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ABSTRACT 

 

 The McArthur River uranium mine in the Athabasca Basin, Canada, hosts the largest 

high-grade uranium deposit in the world, accounting for 12% of global uranium production in 

2015. McArthur River is a Proterozoic unconformity-related uranium deposit, with ore bodies 

located in the P2 fault zone at the contact between metamorphic basement rocks and overlying 

conglomerate, and up to 120 m below the unconformity in basement rock. Oxidized basinal 

fluids are considered the most likely medium for transporting dissolved UO22+ to the 

unconformity where precipitation as UO2 occurred in response to the reduction of the fluids. 

 

 A comprehensive study was undertaken to unravel the nature of the reductant causing the 

precipitation of UO2. Core logging and sample collection were followed by bulk rock 

compositional analysis. Optical microscopy, scanning electron microscopy, and electron 

microprobe analysis were used to establish the mineral paragenesis. Here, a new model for the 

reduction of uranium at McArthur River is proposed. The observations indicate that the P2 

reverse fault is characterized by the abundant presence of fault-hosted pre-ore pyrite veins. The 

formation of these veins resulted in the illitization of feldspar in the basement rocks. Oxidizing, 

high-salinity Na-Mg-Ca chloride basinal fluids penetrated into the basement along the P2 fault 

and oxidized the pre-ore pyrite veins. Pyrite in the veins was replaced by Fe3+-bearing sudoite. 

Fe-sudoite altered pyrite shows extreme sulfur isotope fractionation consistent with oxidation of 

pyrite by thiosulfate disproportionation. It is hypothesized that the reaction of basinal fluids with 

pre-ore pyrite was responsible for the reduction of UO2
2+ at McArthur River.  

 

 A comparative study of the nearby Fox Lake unconformity-related uranium deposit was 

performed to evaluate the general applicability of the genetic model developed for McArthur 

River. The Fox Lake uranium deposit is a complex-type unconformity-related uranium deposit 

10 km west of McArthur River. This study is the first comprehensive investigation of the Fox 

Lake deposit, and summarizes key findings that constrain the paragenesis and alteration 

mineralogy of metamorphic basement rocks and the overlying sandstone. The mineralization is 
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located along the C-10 fault zone at the unconformity between metamorphic basement rock and 

overlying basal conglomerate of the Manitou Falls Formation. The investigations at Fox Lake 

included extensive drill core logging and systematic sampling. Bulk compositional analyses were 

performed to complement core logging. A paragenesis was established using optical and 

scanning electron microscopy, and electron microprobe analysis. Petrographic and sulfur isotope 

investigations show that the large amount of pre-ore pyrite occurring in sandstone above the C-

10 fault was oxidized by thiosulfate disproportionation and replaced by Fe-sudoite and a second 

generation of pyrite. The evidence suggests that the oxidation of pre-ore sulfide minerals by 

basinal fluids resulted in the precipitation of uraninite. These results are consistent with the 

genetic model proposed for McArthur River. In addition to the traditional vector of dravite and 

sudoite alteration, the presence of pyrite associated with faulted basement rocks should be a 

vector for the exploration of unconformity-related uranium deposits. 
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CHAPTER 1 

INTRODUCTION 

 

 

 Unconformity-related uranium deposits constitute the largest high-grade uranium 

deposits in the world. All known deposits occur in the Athabasca Basin in Canada, and the 

Kombolgie Basin in Australia, and are Proterozoic in age. Unconformity-related uranium 

deposits are located at the unconformity between basinal sandstone and faulted metamorphic 

basement rock, and comprise fault controlled basement- and sandstone-hosted uranium ore 

bodies.  

 

 Traditional genetic models for unconformity-related uranium deposits are based on the 

water solubility of oxidized U6+ and the insolubility of reduced U4+. Uranium is leached from U-

bearing minerals in basinal sedimentary rocks or from basement rocks by oxidizing meteoric 

basinal fluids. The uraniferous basinal fluid flows along the unconformity, which provides 

enhanced permeability, and interacts with a reductant, precipitating uraninite (UO2) from 

solution and forming an ore body (Hoeve and Sibbald, 1978). The nature of the reductant is 

unknown (Mercadier et al., 2010; Adlakha and Hattori, 2015), with hypotheses invoking 

reducing basement rock (Hoeve and Sibbald, 1978) or basement-derived reducing fluids rising 

along faults in the basement (Wilson and Kyser, 1987). 

 

 Unconformity-related uranium ore bodies in the Athabasca Basin are classified as either 

simple or complex based on their mineralogy (Fayek and Kyser, 1997; Kyser and Cuney, 2009). 

Simple ore bodies are generally located greater than 50 m below the unconformity in the 

basement, and consist of relatively pure uraninite, whereas complex ore bodies are sandstone-

hosted and contain sulfide and Co-Ni sulfarsenide minerals in addition to uraninite.  

 

 Dravite, sudoite, and illite alteration occur in a 20 km wide and 100 km long band in the 

eastern Athabasca Basin encompassing several unconformity-related uranium deposits including 

McArthur River and Fox Lake. Dravite, sudoite, and illite alteration has been used as a vector for 
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exploration of new deposits, however this alteration is also present in U barren areas, indicating 

that its use as a vector may be of limited value (Kyser and Cuney, 2009). 

 

 The study presented in this thesis is a comparison of two deposits in the eastern 

Athabasca Basin, McArthur River and Fox Lake. McArthur River is the largest high-grade 

uranium deposit in the world with proven and probable reserves of 1.7 million tons with an 

average grade of 9.63 % U3O8 equivalent (Cameco, 2017), and accounted for 12% of global 

uranium production in 2015. McArthur River has sandstone and basement-hosted ore bodies 

both of the simple type, associated with the P2 reverse fault. Fox Lake is located 10 km west of 

McArthur River. This deposit has an inferred resource of 386,700 tons with an average grade of 

7.99% U3O8 equivalent (Cameco, 2015). The ore at Fox Lake is of the complex type, with the 

primary ore bodies located in sandstone immediately above the intersection between the 

unconformity and the C-10 strike slip fault. Fox Lake also has perched uranium lenses greater 

than 100 m above the unconformity.  

 

 The investigations presented herein comprise logging of drill core, macroscopic 

descriptions of primary and alteration mineralogy, sampling of drill core, bulk rock 

compositional analyses, development of a new paragenesis based on optical and scanning 

electron microscopy, electron microprobe analyses of chlorite, sulfide, and uranium minerals, 

and sulfur isotope analysis of sulfide minerals. Compositional and isotopic data in combination 

with the paragenesis of alteration minerals led to the development of a new genetic model for 

McArthur River and Fox Lake, and perhaps generally for all unconformity-related uranium 

deposits. The research shows that pre-ore pyrite was oxidized and replaced by Fe-sudoite. The 

petrographic and sulfur isotope data suggest that the oxidation of pre-ore pyrite by thiosulfate 

disproportionation resulted in the reduction of basinal fluids, facilitating the precipitation of a 

reduced mineral assemblage including uraninite. The reaction of oxidized basinal fluids with 

metamorphic basement rocks and pre-ore pyrite accounts for the formation of the alteration 

mineralogy and uraninite ore bodies at McArthur River and Fox Lake. In addition to dravite and 

sudoite alteration, the presence of pyrite associated with faulted basement rocks should be a 

vector for the exploration of unconformity-related uranium deposits. 
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 This thesis is organized into six chapters. This chapter provides a short introduction to the 

thesis topic. Chapter two presents the research into the alteration mineralogy and paragenesis at 

McArthur River, and introduces the genetic model for ore formation at this deposit. Chapter 

three presents the sulfur isotope investigations on sulfide minerals from McArthur River used to 

support the genetic model proposed in the previous chapter. Chapter four focuses on the Fox 

Lake deposit, presenting the research on alteration mineralogy and parageneses for the distinct 

lithologies encountered there; as well as a comparison of the alteration mineralogy, parageneses, 

and genetic models for McArthur River and Fox Lake. Chapter five presents the sulfur isotope 

investigations on sulfide and sulfarsenide minerals from Fox Lake, and are used to support the 

general genetic model for Fox Lake and McArthur River. Chapter six summarizes the 

conclusions of the current research on McArthur River and Fox Lake, emphasizing the potential 

applicability of the proposed genetic model to all unconformity-related uranium deposits, and 

proposes refinements to exploration methods for these deposits.  

 
 The corresponding author for all chapters is John DeDecker of the Center for Mineral 

Resource Science, Department of Geology and Geological Engineering, Colorado School of 

Mines, E-mail address: jdedecke@mymail.mines.edu. Co-authors for this thesis are: Thomas 

Monecke of the Center for Mineral Resource Science, Department of Geology and Geological 

Engineering, Colorado School of Mines; and Michael Pribil of the U.S. Geological Survey in 
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CHAPTER 2 

ALTERATION ASSOCIATED WITH BASEMENT FAULTS IN UNCONFORMITY-

RELATED URANIUM DEPOSITS: CASE STUDY AT THE  

MCARTHUR RIVER MINE, ATHABASCA BASIN 

 

A paper to be submitted to Economic Geology 

John DeDecker, and Thomas Monecke 

Abstract 

 The McArthur River uranium mine in the Athabasca Basin, Canada, hosts the 

largest high-grade uranium deposit in the world, accounting for 12% of global uranium 

production in 2015. McArthur River is a Proterozoic unconformity-related uranium 

deposit, with ore bodies located in the P2 fault zone at the unconformity between 

conglomerate and metamorphic basement rock, and up to 120 m below the unconformity 

in basement rock.  

 

 Core logging and sample collection were followed by petrographic analysis and 

scanning electron microscopy to establish the paragenesis and alteration styles in altered 

basement rocks. Scanning electron microscopy, electron microprobe analysis, and X-ray 

diffraction investigations revealed the presence of di-trioctahedral sudoite in 

metamorphic basement samples from the P2 fault zone near the unconformity.  

 

 Here, a new model for the reduction of uranium at McArthur River is proposed. 

The observations indicate that the P2 reverse fault is characterized by the abundant 

presence of fault-hosted pre-ore pyrite veins. The formation of these veins resulted in the 

illitization of feldspar in the basement rocks. Oxidizing, high-salinity Na-Mg-Ca chloride 

basinal fluids, forming abundant secondary fluid inclusions, penetrated into the basement 

along the P2 fault and oxidized the pre-ore pyrite veins, resulting in the reduction of the 

fluids. Pyrite veins and illite were replaced by Fe3+-bearing sudoite and fluorapatite. 

Barite and aluminum-phosphate-sulfate (APS) minerals incorporated a portion of the 

SO4
2- generated during pyrite oxidation. It is hypothesized that the reduction of the 
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basinal brine by the pre-ore pyrite was responsible for the reduction of UO22+ and the 

formation of the world-class McArthur River unconformity-related deposit. 

Introduction 

 The McArthur River uranium mine in the Athabasca Basin, Canada, hosts the 

largest high-grade uranium deposit in the world. McArthur River is an unconformity-

related uranium deposit, with ore bodies located in the P2 fault zone at the unconformity 

between conglomerate and metamorphic basement rock, and up to 120 m below the 

unconformity in basement rock. McArthur River has proven and probable reserves of 1.7 

million tons with an average grade of 9.63 % U3O8 equivalent (Cameco, 2017).  

 

 Genetic models for unconformity-related uranium deposits are based on the water 

solubility of the oxidized uranyl ion (UO2 2+) and insolubility of reduced UO2. Uranium 

is leached from U-bearing minerals in basinal sedimentary rocks or from basement rocks 

by oxidizing meteoric basinal fluids. The uraniferous water flows through rocks at the 

unconformity and interacts with a reductant, precipitating uraninite (UO2) from solution 

and forming an ore body (Hoeve and Sibbald, 1978). The nature of the reductant is 

unknown (Mercadier et al., 2010; Adlakha and Hattori, 2015), with hypotheses invoking 

reducing basement rock (Hoeve and Sibbald, 1978) or basement-derived reducing fluids 

(Wilson and Kyser, 1987). 

 

 Previous research conducted at McArthur River (Emberley, 2014) suggested that 

the P2 fault zone is enriched with pyrite relative to competent rock outside the fault zone. 

As reduced minerals such as pyrite can constrain redox conditions before, during, and 

after uranium ore precipitation (Ingham et al., 2014), a research project was initiated to 

constrain the possible role of pyrite in the formation of the McArthur River deposit. This 

study included extensive drill core logging to study pyrite abundance and hydrothermal 

alteration within the P2 fault zone along strike from and down dip of the high-grade 

uranium ore bodies. In addition to core logging, systematic sampling was performed. 

Bulk major and trace element geochemical and XRD analyses were performed to 

complement core logging. Thin sections were studied by optical and scanning electron 

microscopy to establish the paragenesis. The present study summarizes key findings 
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made constraining the paragenesis and alteration mineralogy of the basement rocks. The 

research shows that the large amount of pyrite occurring along the P2 fault formed prior 

to mineralization, and was subsequently oxidized and replaced by Fe-sudoite. The 

petrographic evidence suggests that this reaction with pre-ore pyrite resulted in the 

reduction of basinal fluids, facilitating the precipitation of a reduced mineral assemblage 

including uraninite. It is proposed here that this process is ultimately responsible for 

deposit formation. Implications to exploration are briefly discussed. 

 

2.1 Geological Background 

2.1.1 Athabasca Basin 

 The Athabasca Basin is located in northern Saskatchewan, Canada (Fig. 2.1). The 

basin is Paleoproterozoic in age, with an age of ca. 1750-1680 Ma, coeval with the post-

orogenic uplift of the ca. 1800 Ma Trans-Hudson orogen to the east (Annesley et al., 

2005). The 1900 Ma Talston orogen is located to the northwest of the Athabasca Basin. 

The basin is divided into three sub-basins that trend NE-SW and overlie the suture 

between the Hearn and Rae tectonic provinces. The highest-grade uranium deposits, 

including McArthur River, are located at the transition between the Mudjatik and 

Wollaston Domains of the Hearne tectonic province (Kyser and Cuney, 2009). 

 

 Estimates of basin depth during late diagenesis and pre-ore alteration have been 

obtained by fluid inclusion analysis of euhedral quartz veins and overgrowths in 

sandstone near the unconformity by Pagel et al. (1980) and Derome et al. (2005). Pagel et 

al. (1980) reported a minimum pressure of entrapment of ~700 bars at 160° C obtained 

using the homogenization temperature and the temperature of dissolution of halite for 

liquid+vapor+halite fluid inclusions. Derome et al. (2005) utilized homogenization 

temperature data and estimates of likely thermal gradients to derive a range of entrapment 

temperatures and pressures between 190-235°C and 1200-1400 bars. Assuming the 

sedimentary overburden has a density of 2.5 g/cm3, the pressure estimates of Derome et 

al. (2005) translate to basin depths of 4-5 km. 
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 Derome et al. (2005) performed investigations on the compositions of fluid 

inclusions in quartz overgrowths on detrital quartz and euhedral quartz veins. They 

identified an early NaCl-rich fluid, interpreted as a primary formation fluid derived from 

evaporite beds; and a later Ca-MgCl2-rich fluid produced by interaction of the NaCl-rich 

fluid with basement rock.  

 

 
Fig.2.1 Geologic map of the Athabasca Basin with locations of terranes, major structures, 
and uranium deposits (after Slimmon and Pana, 2010). MF=Manitou Falls Formation, 
LZ=Lazenby Lake Formation, W=Wolverine Point Formation, LL=Locker Lake 
Formation, O=Otherside Formation, and FP=Fairpoint Formation. 
 
 
2.1.2 Sedimentary Host Rocks 

 The Athabasca Basin is filled with sedimentary rocks of the Athabasca Group 

(Hiatt and Kyser, 2007). The Manitou Falls Formation comprises the lowermost portion 

of the Athabasca Group, and is the only formation in the Athabasca Group that occurs at 

McArthur River in present times. The Manitou Falls Formation is composed of a basal 

quartz-pebble to quartz-cobble conglomerate, overlain by mature quartz sandstone with 

sparse thin beds of quartz pebbles. The source rocks of the lower Manitou Falls 

Formation are believed to be paleo-topographic highs composed of pegmatite-bearing 

basement gneiss, represented by basal conglomerate rocks, and successively more distal 
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granitoid rocks derived from the east represented by mature quartz sandstone. Formation 

of the Athabasca Basin occurred ca. 1750-1680 Ma (Annesley et al., 2005). 

 

 The basal conglomerate of the Manitou Falls Formation is variably hematized, 

indicating that oxidizing fluids once flowed through the permeable lowermost part of the 

basin fill. Detrital zircon, monazite, and fluorapatite are common within quartz grains, 

but are rarely found in interstices between quartz grains, suggesting dissolution of these 

uranium-bearing minerals by basinal fluids. Dissolution of these U-bearing minerals by 

oxidizing basinal brines is considered the most likely source for uranium in 

unconformity-related deposits (Fayek and Kyser, 1997; Kyser and Cuney, 2009).  

 

2.1.3 Basement Rocks 

 The Wollaston Domain is a fold thrust belt fault bounded to the west by the 

Mudjatik Domain (Annesley et al., 2005; Alexandre et al., 2009; Mercadier et al., 2010). 

The largest uranium deposits in the Athabasca Basin occur at the transition between these 

domains. The Wollaston Domain comprises amphibolite to lower granulite facies pelitic 

and almandine-bearing calcsilicate gneisses, anatectic pegmatite, and quartzite that 

reached peak metamorphism P-T conditions of approximately 800 °C and 800 MPa ca. 

1800-1840 Ma during the Trans-Hudson Orogeny. Unroofing of the basement initiated 

ca. 1814 Ma, and reached 500-550°C and 200-250 MPa ca. 1720 Ma (Annesley et al., 

2005; Mercadier et al., 2010). The pelitic rocks contain weakly to strongly graphitic units 

that serve as the primary host for ore-related faults. Wollaston Domain metasedimentary 

rocks are unconformably underlain by Archean granitoid gneiss. 

 

 The contact between metamorphic basement rock and the unconformably 

overlying sedimentary rocks of the Manitou Falls Formation is characterized by a 

strongly hematized, chloritized, and argillized basement rock. Adlakha et al. (2014) noted 

bleached rocks proximal to the unconformity, as lenses in the Manitou Falls Formation, 

and up to 120 m below the unconformity near basement-hosted ore bodies. Bleached 

rocks have high abundances of dickite and illite replacing feldspar and biotite, and are 

associated with an outer zone of hematite, and an inner zone of chlorite at the 
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unconformity and in the basement. MacDonald (1980; 1985) suggests a diagenetic 

reducing fluid was responsible for bleaching proximal to the unconformity, as bleaching 

overprints hematite.   

 

2.1.4 P2 Fault Zone 

 Uranium ore bodies at McArthur River are hosted by the P2 fault. The P2 fault is 

a 13 km long listric reverse fault with up to 80 m of offset at the unconformity between 

the base of the Manitou Falls Formation and metamorphic basement rocks (Adlakha et 

al., 2014). The fault strikes ~050°and is hosted by graphitic metapelitic rocks in the 

basement. Above the unconformity the P2 fault splays into several faults that become 

sub-parallel to bedding. Hydrothermal alteration of basement and sedimentary rocks is 

structurally controlled by the P2 fault, and is characterized by Mg-Al chlorite, illite, 

magnesiofoitite, and hematite in the basement; and quartz, dickite, illite, and chlorite in 

the Manitou Falls Formation. The association of intense hydrothermal alteration with the 

P2 fault is evidence that the P2 repeatedly served as a conduit for basinal and 

hydrothermal fluids. Metapelites in the P2 fault zone host elevated pyrite abundances 

with respect to rocks outside the P2 fault zone (Emberley, 2014). Carbon isotope 

investigations of graphite and hydrocarbon buttons (amorphous hydrocarbon nodules) at 

the Key Lake uranium deposit by Kyser et al. (1989) show no significant isotopic 

fractionation, leading to the contention that graphite did not play a major role is reduction 

of uranium, but rather served as a structural control on the location of faults that focused 

fluid flow. 

 

2.1.5 Uranium Ore Bodies 

 Unconformity-related uranium ore bodies in the Athabasca Basin are classified as 

either simple or complex based on their mineralogy (Fayek and Kyser, 1997; Kyser and 

Cuney, 2009). Simple ore bodies consist of relatively pure uraninite and are generally 

basement-hosted, whereas complex ore bodies contain abundant sulfide and Co-Ni 

sulfarsenide minerals in addition to uraninite and are generally sandstone-hosted. At 

McArthur River both basement- and sandstone-hosted ore bodies are of the simple-type. 
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 The location of the McArthur River deposit is controlled by the intersection of the 

P2 fault in the metamorphic basement rocks with the overlying sub-Athabasca 

unconformity. Ore is found in two settings. Nose or wedge ore (zones 1,3,4, A, and B; 

Fig. 2) is replacement uraninite in the Athabasca sandstone along the unconformity at the 

tip of the post-Athabasca reactivated P2 reverse fault wedge. Alteration associated with 

the sandstone-hosted ore zones is characterized by an inner chlorite zone and an outer 

illite + chlorite zone with silicification of sandstone over quartzite ridges in the basement. 

Basement ore of zone 2 is massive uraninite in the P2 fault and immediate footwall, as 

deep as 120 m below the unconformity. Basement alteration surrounding this zone 

consists of an outer chlorite zone and inner illite ± chlorite + dravite + hematite zone 

(Kyser and Cuney, 2009).  

 

2.1.6 Paragenesis 

 Previous workers have developed paragenetic sequences for uranium deposits in 

the Athabasca Group and basement rocks for the Athabasca Basin (Kotzer and Kyser, 

1995; Fayek and Kyser, 1997; Alexandre et al., 2009; Kyser and Cuney, 2009; Ng et al., 

2013), and for McArthur River specifically (Derome et al., 2005). Alteration events 

common to previous parageneses include: 1) late diagenetic quartz overgrowths with 

hematite on detrital quartz clasts; 2) pre-ore hydrothermal alteration dominated by 

illitization of feldspar beginning ca. 1670 Ma; 3) primary uraninite ore formation ca. 

1588 ± 15 Ma, accompanied by sulfide and Co-Ni sulfarsenide minerals; and 4) post-ore 

alteration events typified by carbonate and sulfide minerals, and low-temperature 

remobilization and subsequent precipitation of uraninite. 

 

 Fayek and Kyser (1997) recognized three stages of uraninite precipitation in the 

Athabasca Basin. Stage-one is characterized by euhedral uraninite with high reflectivity, 

association with Ni-Cu arsenide minerals, PbO contents of 13.47-25.32 wt%, <3 wt% 

SiO2 and CaO, and < 1.5 wt% FeO. Stage-two consists of massive uraninite, with a lower 

reflectivity than stage one uraninite. It is associated with Ni-Cu arsenide and Ni-Co 

sulfarsenide minerals; and contains 6.45-11.98 wt% PbO, 1-3 wt% SiO2 and CaO, and ~1 

wt% FeO. Stage-three uraninite is massive and fills fractures, has a high reflectivity, is 
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associated with Cu-Fe sulfide minerals, and contains 0.67-5.54 wt% PbO and variable 

concentrations of SiO2 CaO, and FeO. U-Pb ages in uraninite and 40Ar/39Ar ages of clay 

minerals related to hydrothermal alteration correspond to ages of far field tectonic events; 

suggesting that fluid flow and mobilization of uranium in the Athabasca Basin may have 

been linked to far field stresses (Alexandre et al., 2009; Kyser and Cuney, 2009, Li et al., 

2017). 

 

2.2 Materials and Methods 

2.2.1 Fieldwork 

 Fieldwork performed at McArthur River between June 13 and July 3, 2015 

focused on drill core logging and the collection of representative samples for laboratory 

research. Drill holes were selected for core logging and sampling to ensure coverage of 

the P2 fault along strike and dip, high-grade ore bodies and uranium anomalies within the 

P2 fault zone, altered rock surrounding ore bodies, unaltered basement rock, and 

uranium-barren zones along the P2 fault (Fig. 2.2). Drill holes MC-408, MC-411, MC-

411-1, and MC-430 were logged over an interval ± 24 m from the middle of the P2 fault 

zone. Drill holes MC-410-1, MC-410-2, and MC-415 were logged from the unconformity 

to the bottom of the hole. 

 

 Core logging consisted of identifying major minerals, describing rock type and 

fabric, noting alteration styles and relative intensity, measuring depths of fault zones, and 

estimating pyrite abundance. Pyrite abundances were visually estimated using ~5 cm 

intervals and an abundance scale (0%, trace, 1-5%, 5-10%, 10-15%, 15-20%, and >20% 

pyrite). 

 

 Representative samples of unaltered basement rock and hematite, chlorite, dravite, 

and clay altered basement rock were collected. Emphasis was placed on selecting fresh, 

altered, and pyrite-bearing samples for petrographic, XRD, and trace element 

investigations. Select samples of basement- and sandstone-hosted uraninite were 

collected as well. All samples were labelled using the drill hole identification and depth 

interval of the sample.
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Fig. 2.2 Geologic map of the McArthur River uranium deposit showing general basement 
rock types, faults, mineralized zones, and the location of drill holes logged and sampled. 
The P2 fault dips to the southeast and is hosted in graphitic rocks. Cross sections are 
viewed from the southwest looking towards the northeast. The P2 fault zone hosts 
hydrothermal alteration, pyrite enrichment, and uranium ore bodies. Cross sections 
prepared using data provided by Cameco.  
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2.2.2 Bulk Compositional Analysis 

 Cameco provided existing geochemical analyses to supplement new data. Fifty-

eight major and trace elements were analyzed. SRC Geoanalytical Laboratories 

performed the bulk compositional analyses. 

 

 Major and trace element concentrations in basement and sandstone samples were 

determined by inductively coupled plasma-mass spectrometry (ICP-MS). Partial 

digestion of an aliquot of pulped sample in an ultra-pure mixture of nitric and 

hydrochloric acids in a hot water bath, followed by dilution in deionized water, was used 

for the analysis of As, Ge, Hg, Sb, Se, and Te. Total digestion of an aliquot of pulped 

sample in a concentrated mixture of ultra-pure hydrofluoric, nitric, and perchloric acids 

was used for ICP-MS on the remainder of the elements analyzed. 

 

 Carbon and sulfur concentrations were determined by combusting an aliquot of 

pulped sample in a LECO induction furnace with an oxygen supply. The percentage of 

carbon and sulfur were determined from the instrument calibration. Inorganic carbon 

content was determined by combustion of an aliquot of pulped sample in a LECO 

induction furnace with an argon supply. Organic carbon content was determined by 

subtracting the inorganic carbon content form the total carbon content. 

 

 Boron concentrations were determined by fusing an aliquot of pulped sample in a 

mixture of NaO2 and NaCO3, dissolving the fused melt in deionized water, and analyzing 

the sample solution by ICP-OES. 

 

2.2.3 Optical Petrography and Scanning Electron Microscopy 

 Sixty-five polished thin sections of core samples were prepared for petrographic 

and microanalytical analysis. The samples examined represent high-grade ore, sandstone 

proximal to the ore bodies, and basement rocks within and surrounding the P2 fault zone. 

Reflected and transmitted light petrography was used to identify and describe sulfide 

mineral morphologies, identify optically discernible zonation in sulfide minerals, select 
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regions of interest for further microanalytical studies, and to establish the mineral 

paragenesis.  

 

 Back-scattered electron imaging and energy dispersive X-ray spectroscopy 

(EDXS) were performed on a Tescan MIRA3 field emission scanning electron 

microscope with a Bruker XFlash 6130 energy dispersive X-ray spectrometer. BSE 

imaging and X-ray spectroscopy were performed with an accelerating voltage of 15 kV, a 

beam diameter of 5.0 nm, and a working distance of 10.0 mm.  

 

 BSE imaging was used to identify compositional variations between different 

types of sulfide and uranium minerals, and compositional zonation within pyrite grains 

and veins. These data were used to refine optically determined paragenetic relationships, 

and to select samples for electron microprobe analysis. Mineral abbreviations used in 

petrography figures and the paragenesis are from Whitney and Evans (2010). 

 

2.2.4 Cathodoluminescence Investigations 

 Optical cathodoluminescence (CL) imaging was performed on samples containing 

hydrothermal fluorapatite, hydrothermal quartz, and K-feldspar to identify CL-active 

compositional zonation in quartz and fluorapatite, and feldspar alteration. 

 

 A HC5-LM hot cathode CL microscope by Lumic Special Microscopes, 

Germany, was used, permitting examination of thin sections under electron bombardment 

in a modified Olympus BXFM-S optical microscope. The microscope was operated at an 

accelerating voltage of 14 kV with a current density of ~10 µA mm-2 (Neuser, 1995). CL 

images were captured using a high sensitivity, double-stage Peltier cooled Kappa DX40C 

CCD camera, acquisition times ranged from 8 to 10 seconds. 

 

2.2.5 Electron Microprobe Analysis 

 Quantitative chlorite compositions were acquired with a JXA-8230 Electron 

Probe Microanalyzer, using a 2 µm spot size, 15 kV accelerating voltage, and a beam 

current of 10 nA. Spots were chosen to avoid cracks, porosity, and compositional 
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heterogeneities ~2 times the size of the interaction volume. Compositions were acquired 

for chlorites associated with pre- to syn-ore alteration. K�Ù X-ray lines were measured for 

Si, Al, Mg, Fe, K, Ti, V, Cr, Mn, Zn, F, and Cl. The following Astimex Minerals 

standards were used: Albite (Si), labradorite (Al), diopside (Mg), almandine NY (Fe), 

orthoclase (K), rutile (Ti), chromite (Cr), rhodonite (Mn), sphalerite (Zn), topaz (F), and 

tugtupite (Cl). An Astimex metals standard was used for V. Matrix corrections were 

calculated using the CalcZAF software. 

 

 Quantitative sulfide and sulfarsenide mineral compositions were acquired with a 

JEOL 8900 electron probe microanalyzer, using a 1 µm spot size, 20 kV accelerating 

voltage, and a beam current of 20 nA. K�Ù X-ray lines were measured for Fe, Cu, Ni, Co, 

and S. L�Ù lines were measured for As and Mo. The following USGS Denver Microbeam 

Laboratory standards were used: Fe STD_NUM_426, Cu STD_NUM_429, Ni 

STD_NUM_428, Co STD_NUM_427, S STD_NUM_417, As STD_NUM_434, and Mo 

STD_NUM_443. Spot locations were chosen to acquire representative analyses from the 

cores to edges of fault-hosted pyrite veins, euhedral pyrite, marcasite, chalcopyrite, and 

cobaltite-gersdorffite. Matrix corrections were calculated using the CalcZAF software. 

 

 Uraninite analyses were acquired with the same instrument and conditions as 

sulfide and sulfarsenide minerals except the beam current was 50 nA. K�Ù lines were 

measured for Si, Ti, Al, V, Cr, Sc, Fe, Co, Ca, P, and S. L�Ù lines were measured for Zr, 

Hf, Y, Sm, Er, and Ba. M�Ù lines were measured for U, Pb, Th, and W. 

 
2.3 Results 

2.3.1 Core Logging and Whole-Rock Geochemical Composition  

 Graphic core logs were compiled for every hole examined and include rock type, 

mineralogy, alteration style and relative intensity, relative intensity of bleaching, and 

pyrite abundance. Representative logs of drill core comprising high-grade unconformity-

hosted uranium from MC-410-1, a basement-hosted uranium anomaly MC-410-2, and 

samples from MC-415 located deeper in the basement along the P2 fault than the other 

drill cores are provided in Figure 2.3. Bulk compositional data for uranium, carbon, 
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sulfur, total rare-earth elements, copper, molybdenum, cobalt, nickel, boron, and barium 

are provided in Tables 2.1-2.3 and plotted as a function of depth on the core logs.  

 

 The P2 fault zone is associated with graphitic intervals in metamorphic basement 

rocks, and hosts the highest abundance of sulfide minerals over the intervals logged. 

Pyrite vein abundances in every drill hole logged increase from trace amounts in 

competent basement rock to over 20% in strongly graphitic and brecciated rocks within 

the P2 fault zone (Fig 2.3). Smaller spikes in pyrite abundance in rocks below the P2 fault 

are associated with bleached rocks and elevated U concentrations. Sulfur concentration 

data supports visually estimated pyrite abundances, and are positively correlated with 

uranium, transition metal, and barium enrichments. Elevated carbon concentrations are 

associated with the graphitic zones in basement rock that host the P2 fault, and are offset 

into the hanging wall relative to uranium enrichments in the sandstone fault nose. 

 

 Barium, cobalt, nickel, copper, molybdenum, and the rare-earth elements 

generally have a positive correlation with U concentrations. In MC-410-1 uranium 

concentrations are elevated at the unconformity, in the basal conglomerate fault wedge in 

the immediate footwall of the P2 fault, and in a bleached zone below the P2 fault.  In 

MC-410-1, MC-410-2 and MC-415 uranium concentrations are elevated in the P2 fault 

zone, and in a bleached zone below the P2 fault. 

 
Table 2.1 Bulk compositional data in ppm for selected elements from MC-410-1 

Sample 
depth 

U C S B REE 
(tot) 

Ba Co Ni Cu Mo 

545 7.36 - - 12 68.3 33 0.1 0.5 0.8 0.17 
556.3 11.7 0.06 100 39 213.5 51 0.26 1.6 2.4 0.34 
562.2 279 0.07 1200 15 654.4 30 41.1 171 23.9 1.31 
562.9 61.7 0.03 50 52 331.8 24 41.8 149 5.8 0.72 
572.1 7.81 0.005 50 53 324.9 31 18.7 71.9 3.1 0.36 
581.1 5.6 50 50 55 235.2 106 31.3 63.8 1 0.2 
581.9 7.99 2300 100 28 214.7 118 26.4 38.2 3 0.34 
590.2 5.38 4000 100 89 256.4 97 16.2 60.2 1.5 0.34 
596.7 6.8 23300 13700 142 267.2 36 30.8 88.4 41 9.38 
599.2 6.7 18200 21100 97 273.8 54 56.5 162 364 8.64 
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Table 2.1 continued 
602.7 40.9 17900 62600 5670 211.2 32 465 503 19300 87.1 
605.2 98 - - 262 139.1 26 6 48 45 11 
605.7 449 - - 91 125.7 30 269 962 6 91 
606.1 17100 600 1700 171 427.1 72 190 1080 22 68 
606.4 1020 - - 248 139.8 37 11 87 4 15 
606.7 24 200 600 268 124.0 24 4 55 1 1 
607.0 3560 - - 104 318.0 32 13 189 3 128 
607.4 186 - - 1390 184.0 32 500 1780 3 19 
607.9 28 - - 831 118.5 24 7 65 1 2 
608.3 5 - - 1520 193.6 33 1 29 1 1 
608.8 26 - - 2940 141.4 27 4 36 1 1 
609.3 21 - - 909 74.0 20 4 25 2 1 
609.7 136 - - 1610 129.4 32 10 61 5 16 
610.1 2630 600 300 887 170.7 31 10 73 10 93 
610.4 26 - - 594 68.3 15 2 14 11 27 
610.7 775 - - 624 133.8 31 19 560 18 269 
611.0 671000 - - 163 2071.9 76 66 205 380 479 
611.2 715000 - - 179 1989.6 74 27 151 195 526 
611.3 673000 2000 5400 195 1959.7 144 1 147 112 840 
611.6 615000 - - 185 1814.2 197 1 144 111 1050 
611.9 6760 - - 40 67.8 53 52 52 148 425 
612.2 330000 - - 147 1003.2 155 71 210 175 1930 
612.5 3870 800 1200 42 77.9 24 48 78 77 538 
612.9 718 - - 279 84.1 26 25 36 118 216 
613.3 1000 1400 1500 980 97.0 32 24 36 24 161 
613.7 1840 - - 1360 185.0 49 9 26 12 216 
614.0 9820 - - 787 331.0 106 8 49 19 127 
614.3 2990 - - 284 196.8 56 5 30 9 101 
614.7 1540 - - 318 92.5 30 11 21 18 53 
615.2 298 - - 145 128.3 16 12 20 14 17 
615.7 2780 400 1400 514 171.6 63 17 15 57 218 
616.0 3050 - - 131 71.5 24 11 12 39 19 
616.3 176 - - 189 67.0 15 2.34 6.2 38.6 11.7 
616.6 5020 - - 371 129.7 59 15 21 8 36 
617.0 1220 - - 187 58.7 18 7 9 6 13 
617.4 1220 - - 234 51.8 24 7 9 3 11 
617.7 3910 - - 351 150.8 76 6 20 3 6 
618.1 355 800 200 489 73.1 22 5 20 2 4 
618.6 892 - - 105 57.4 19 13 71 4 6 
619.0 648 - - 320 69.4 18 8 43 9 2 
625.0 9.76 100 100 947 55.1 16 1.76 9.1 2.6 0.14 
630 4.8 400 100 1020 135.8 30 1.04 5.8 0.5 1.78 
640 1.87 100 100 315 226.3 36 0.85 3 0.2 1.65 

651.8 125 50 300 812 147.7 22 5 20 1 1 
652.3 443 - - 812 141.7 34 13 55 33 6 
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Table 2.1 continued 
652.8 5750 - - 761 299.6 87 57 54 15 787 
653.1 5790 - - 661 217.4 87 14 30 9 1250 
653.4 99200 200 7700 572 1720.4 724 24 42 21 1670 
653.6 22400 - - 456 361.5 419 23 37 8 1120 
654 20700 - - 695 340.2 543 31 44 9 226 

654.3 28100 100 11300 693 518.2 585 29 31 5 69 
654.6 11900 - - 596 315.5 160 15 17 4 593 
654.9 6800 - - 740 226.4 179 14 16 11 137 
655.3 11800 - - 884 311.4 230 45 41 96 1120 
655.9 6330 300 5800 1300 256.1 134 11 27 8 320 
656.2 2740 - - 365 107.6 53 5 13 4 51 
656.5 831 - - 2680 229.6 45 10 10 1 415 
657 55 - - 1360 121.6 21 2 4 1 10 

657.5 7.09 - - 373 191.4 18 1.72 9.5 2.2 1.55 
661.4 2.67 700 100 356 117.0 15 2.11 27.2 0.8 0.65 
668.1 2.03 600 100 145 275.9 29 9.88 65.7 1.9 0.88 
677.1 2.22 1400 200 115 304.8 31 14.1 85.6 0.5 0.79 
686.0 3.13 - - 36 163.7 29 8.03 39.6 1.9 1.39 

 
 

Table 2.2 Bulk compositional data in ppm for selected elements from MC-410-2 
Sample 
depth 

U C S B REE 
(tot) 

Ba Co Ni Cu Mo 

548.1 4.06 - - 257 99.24 44 129 105 5.5 0.2 
548.3 4.01 - - 176 40.04 32 26.1 24.6 0.3 0.2 
566.1 2.36 7200 50 124 186.31 38 15.8 29 1.1 0.11 
575.1 1.99 - - 97 51.35 42 25.1 63.2 6.7 0.52 
584.1 2.99 56100 50 36 69.22 60 15.9 42.6 2.7 0.43 
592.9 6.96 23100 50 62 83.48 16 23.1 43.3 2.4 0.2 
602.1 4.81 1000 1100 58 186.49 1720 18.2 45.5 64.7 2.19 
611.1 4.32 6100 50 96 204.36 58 13.3 46.1 19.1 0.66 
620.1 4.44 1800 800 69 226.96 489 13.4 57.8 2.7 1.61 
629.1 3.77 2500 900 104 192.3 52 11.8 44.9 1.3 0.61 
637.9 7.05 13500 15300 125 245.6 40 29.2 83.4 13.2 6.32 
647.1 4.04 100 51 39 290.0 681 32.3 65.3 6.2 0.75 
656.1 15.2 55000 65000 156 174.8 161 53.4 252 5.8 60.8 
657.2 12 56900 98900 478 168.5 145 75.7 207 8.4 49.5 
664.9 6.94 14000 31500 199 237.8 261 31.6 128 8.1 11.4 
674.1 8.8 15800 26300 112 211.1 268 37.9 115 3.7 4.41 
683.1 9.87 3000 9200 139 274.6 32 24.9 54.6 4.8 3.42 
689.3 994 12700 9100 266 391.3 135 49.5 76.4 81.6 196 
692.1 7.28 2100 10700 138 240.1 93 28.8 77.6 2.5 2.08 
694.7 1080 14000 19600 171 167.7 105 24 80.6 6 185 
701.1 18.1 3200 3800 177 132.2 43 12.6 33.6 1.6 3.4 
710.1 3.82 300 3100 163 258.2 40 17.1 55.7 1 0.84 
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Table 2.2 continued 
719.1 2.15 100 300 57 117.1 23 3.88 14.7 3.7 0.22 
728.1 4.82 30800 6500 90 266.4 43 27.8 83 11.1 5.32 
731.9 335 - - 104 192.34 58 8.89 128 4.6 82.9 
735.8 6.18 - - 125 245.61 10 6.54 133 13.2 12.5 
736.7 1090 - - 39 289.99 51 23 277 129 245 
737.1 2590 46600 300 156 174.79 114 17 138 51 15 
737.6 1920 23700 600 478 168.49 77 12 160 153 25 
738.1 372 - - 199 237.75 40 7.17 99.9 11 10.1 
749.1 11.6 2400 100 112 211.09 179 16.8 61.4 3.9 0.86 
751.9 262 - - 139 274.55 323 30.6 163 3320 3.42 
752.4 609 - - 266 391.25 43 14.8 34 517 5.84 
752.7 8360 - - 138 240.09 349 180 157 22000 25 
753.0 2070 400 4400 171 167.71 38 26 31 415 5 
753.3 4420 - - 177 132.16 101 80 59 10800 10 
753.7 1140 - - 163 258.15 24 10 9 1780 3 
754.2 2040 - - 57 117.06 51 22 17 1870 4 
754.8 446 - - 90 266.4 23 5.75 7.6 376 2.61 
755.5 349 700 1600 161 153.31 61 12.9 17.8 1180 3.18 
758.5 1120 - - 97 57.04 93 6.79 20.4 186 10.3 
759.5 632 200 1400 252 95.2 51 4.7 15.6 144 1.27 
760.5 3110 - - 381 535.4 154 14 40 339 3 
761.3 1230 700 1600 322 229.1 115 5.66 53 5580 2.19 
772.9 5.67 - - 570 129.25 377 4.83 40.8 34.5 0.97 
785.1 6.19 100 100 126 235.54 89 6.84 54.2 14.7 0.34 
791.2 1.44 - - 3430 373.16 32 0.27 1.3 1.9 0.14 

 

Table 2.3 Bulk compositional data in ppm for selected elements from MC-415 

Sample 
depth 

U C S B REE 
(tot) 

Ba Co Ni Cu Mo 

548.2 6.06 50 50 68 158.6 17 3.39 10.2 1.9 0.24 
557.2 3.88 - - 116 10.8 22 3.8 18.2 1.1 0.24 
566.2 13.7 200 50 56 19.6 579 2.32 1.8 0.8 0.17 
575.2 8.15 - - 116 60.0 304 33.5 66.8 3 0.25 
584.2 3.6 1900 50 154 210.5 599 22.9 37.3 2.2 0.31 
593.2 3.78 - - 156 224.5 289 23.6 47.8 8 0.24 
602.2 7.51 - - 81 251.7 494 26.2 59.1 23.6 5.19 
611.2 11 50 50 54 14.3 303 0.77 2.1 2 0.2 
620.2 4.4 8100 2100 50 243.3 1030 28.3 99.6 22.2 1.64 
629.0 3.87 50500 50 52 97.0 504 20.8 43 18 0.38 
638.2 8.4 - - 1480 115.4 557 7.21 24.2 2.4 0.55 
647.2 5.55 5600 3000 36 248.3 529 24.2 57.5 60.5 2.26 
656.2 4.79 - - 29 241.3 1250 30.6 53.1 276 6.09 
665.1 3.86 1700 400 23 196.7 678 18.9 46.4 27 0.61 
674.1 9.41 19800 32200 65 240.4 96 47.8 186 25.7 9.72 
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Table 2.3 continued 
682.9 5.14 - - 58 279.8 282 65.6 66.4 53.3 1.28 
687.4 5.6 6400 134000 - 165.0 70 84 310 120 10 
688.1 13.8 - - 120 183.7 139 65.4 275 258 63.5 
688.4 14.7 67000 77500 - 264.7 199 46 240 20 49 
688.9 11.5 - - 153 114.9 190 85.8 381 26.1 45.9 
692.1 13.9 - - 182 157.9 319 61.7 212 12.2 54.1 
693.8 7.71 62000 33700 - 201.8 157 28 170 5 39 
696.9 14.9 53700 30400 - 98.7 253 45 80 5 51 
697.7 13.7 64800 216000 - 104.5 81 149 680 20 60 
701.4 4.56 19200 24700 81 116.2 181 38 140 3.4 8.81 
710.1 15.8 9600 13600 118 89.9 61 31.1 78.1 10.4 6.46 

719.1 3.19 50 4000 90 171.7 20 7.46 24.6 38.4 1.95 
728.1 5.1 50 200 87 46.8 19 1.71 32.8 35.8 0.27 
737.1 93.1 - - 155 117.2 58 4.22 67.3 139 6.38 
746.1 4.18 - - 77 39.4 31 1.66 36.6 3.8 0.55 
755.1 63.3 - - 174 117.6 42 3.99 52.6 3 4.23 
764.1 5.57 3400 6000 110 218.0 40 23.8 90.8 7.5 1.64 
772.2 778 57500 1700 411 348.6 269 13 77 142 25 
773.1 31.5 - - 117 212.6 173 24.7 79.1 14.7 8.6 
782.1 1.71 50 50 25 9.5 8 1.23 4.3 2.5 0.3 
791.1 1.09 - - 24 21.5 87 0.54 5.5 1.2 0.18 
800.1 4.24 50 100 66 54.3 95 4.14 17.1 23.8 0.12 
803.5 2480 50 400 233 263.3 492 18 59 136 9 
809.2 0.81 50 50 65 68.5 287 5.34 18.5 1 0.17 
818.1 4.95 50 500 100 260.5 261 25.4 82.9 2.5 2.37 
827.1 2.62 50 50 76 93.9 31 3.42 5.4 8.1 0.32 
836.1 2.26 - - 26 33.7 21 0.39 2.1 3.8 0.31 
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Fig. 2.3 Core logs for drill holes MC-410-1, MC-410-2, and MC-415.  
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Fig. 2.3 (continued) 
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Fig. 2.3 (continued)
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Fig. 2.3 (continued) 
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2.3.2 Optical Petrography and Scanning Electron Microscopy 

  

 Unaltered rocks and pre-ore alteration Unaltered Athabasca Group sandstone consists of 

detrital quartz with interstitial illite and trace amounts of zircon. Euhedral quartz overgrowths 

(EQz1-2) on detrital quartz, and lining vugs in the sandstone are associated with hematization 

(Hem1-2). Quartz corrosion affects detrital quartz and EQz1-2. 

 

 Unaltered basement gneiss near the P2 fault consists of quartz, biotite, plagioclase, 

graphite, ± potassium feldspar, ± almandine, and ± cordierite; trace minerals include rutile, 

zircon, and monazite. Pods of anatectic pegmatite composed of biotite, quartz, and potassium 

feldspar are interlayered with the gneiss. Potassium feldspar and almandine distal to the P2 fault 

show variable degrees of chloritization.  

 

 Fault-hosted pyrite veins (Py1) are abundant (5 - >20%) within the P2 fault zone along 

strike and at all depths examined during core logging. Py1 veins cut foliation, are associated with 

illitized metamorphic K-feldspar, contain inclusions of fragmented metamorphic rutile, and are 

commonly armored by hydrothermal quartz veins of which the first generation (VQz1) formed 

with the pyrite (Fig. 2.4A). These observations suggest that Py1 is post-metamorphic.  

 

 Pyrite veins distal to the unconformity fill fractures, and frequently exhibit a sieved 

texture where pyrite grew around chemically inert graphite (Fig. 2.4A). The margins of pyrite 

veins at depth are smooth and free of embayment, and are spatially associated with illite 

alteration of the host rock (Fig. 2.4B, Fig. 2.5A).  As the faulted unconformity is approached 

along the P2 fault from the basement, Py1 veins show increasingly intense dissolution textures 

and replacement with Fe-sudoite along vein margins and in vein penetrating fractures (Figs.2.4C 

and D, Figs. 2.5B, C, E and F). The margins of Py1 armored by VQz1 show little to no 

dissolution textures or replacement by sudoite (Fig. 2.4C, and Figs. 2.5C and D). The Fe-sudoite 

alteration of Py1 veins is most intense in basement rocks along the P2 fault-sandstone contact, 

and is accompanied by fluorapatite with hematite inclusions in these locations (Figs. 2.4E, F, 
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Figs. 2.5B, and C). High-contrast BSE imagery of sudoite-altered Py1 (Fig. 2.5E) shows a patchy 

texture delineated by regions of variable S and Fe content. Energy-dispersive X-ray spectroscopy 

shows that all Py1 replaced by Fe-sudoite is S deficient. These compositional heterogeneities are 

not present in unaltered Py1. 

 

 Metamorphic and hydrothermal quartz in rocks with extensive sudoite alteration of pyrite 

is partially to totally replaced by sudoite (Fig. 2.5C). BSE imaging of sudoite near partially 

replaced quartz, or surrounding sudoite breccia fragments shows darker Mg-sudoite cores 

surrounded by a bright halo of Fe-sudoite (Figs. 2.5C and D). Sandstone-hosted uranium ore 

bodies are associated with pervasive sudoite-dravite alteration. Ore samples rich in sudoite 

contain sparse corroded detrital quartz grains, indicating nearly complete dissolution of detrital 

quartz during sudoite alteration. Trace amounts of sub-micron scale barite occur as nodules 

within the pore space between mixed illite and sudoite in bleached basement rocks associated 

with basement-hosted uraninite (Figs. 2.6A-C). 

 

 CL imaging was used to identify crosscutting relationships with zoning in quartz. Py1 

veins commonly occur in contact with hydrothermal quartz veins. CL images of contacts 

between vein-hosted pyrite and quartz veins show vein-hosted pyrite cutting the inner growth 

zones in the quartz, and a second quartz vein with darker CL rimming the first quartz vein (Fig. 

2.7). 

 

Ore-stage alteration Uraninite ore at McArthur River occurs in the sandstone fault wedge at the 

unconformity, and associated with bleached basement rocks as deep as 120 m below the 

unconformity.  

 

 Sandstone-hosted deposits comprise three generations of uraninite, and are spatially 

associated with intense replacement of detrital quartz by sudoite and dravite. Small 100-200 µm 

crystals of euhedral pyrite and cobaltite-gersdorffite occur disseminated in intensely sudoitized 

sandstone. The first generation of uraninite (Urn1) is volumetrically the most significant, 

overgrows euhedral pyrite, and contains vugs lined by euhedral uraninite and filled with 

marcasite (Mrc1) (Figs. 2.8A and B). The outer parts of euhedral uraninite have marcasite 
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inclusions that appear to have formed along or replace growth zones in Urn1 (Fig. 2.8A). 

Marcasite in the vug has partially inverted to pyrite. Urn1 also occurs replacing euhedral pyrite 

formed during pre-ore alteration. 

 

The second generation of sandstone-hosted uraninite (Urn2) occurs as an overgrowth on Urn1 and 

euhedral cobaltite-gersdorffite (Figs. 2.8B, C, and D). Urn2 is distinguished from Urn1 by the 

darker optical reflectance, and the presence of chalcopyrite inclusions embayed into the rim of 

Urn2. Chalcopyrite also occurs as nodules on dravite crystals in sandstone with strong sudoite 

replacement of quartz, rimming or replacing both marcasite generations, filling microfractures in 

fault-hosted pyrite, rimming cobaltite-gersdorffite overgrowths on fault-hosted pyrite, and 

replacing fault-hosted Py1 (Figs. 2.8C, E, F, and 2.9C-F). Sudoite replaces corroded detrital and 

euhedral quartz in sandstone. Sudoite is partially replaced by Urn1 and Urn2. A second 

generation of hydrothermal quartz veins (VQz2) cuts chalcopyrite filling microfractures in vein-

hosted pyrite, however the paragenetic relationship between Urn3 and VQz2 is unknown. 

 

 There are two generations of marcasite, these are distinguished based on their cross-

cutting relationships with hydrocarbon buttons (HCB). Mrc1 marcasite is late- to post-Urn1, 

infills vugs in Urn1, and has weak Cu growth zones that are cut by HCB (Fig 2.8A). Mrc2 

marcasite grew around or into fractures in HCB (Fig. 2.8E), and has distinct Cu-rich zones in 

BSE images (Fig 2.9B). Both marcasite generations have partially inverted to pyrite (Figs. 2.8A 

and F) as indicated by the patchy anisotropy and porosity caused by the volume change during 

the marcasite to pyrite transformation (Murowchick, 1992). Mrc2 is rimmed or replaced by 

chalcopyrite. 

 

 The third generation of sandstone-hosted uraninite (Urn3) replaces chalcopyrite along 

grain boundaries between pre-ore fluorapatite and ore-stage HCB (Fig. 2.9E), and has cores 

partially replaced by chalcopyrite (Fig. 2.10 C and D). Urn3 also occurs as inclusions along the 

growth zone delineating HCB1 from HCB2 (Fig. 2.9F). HCB1 and HCB2 are optically discernible 

with HCB2 having a slightly lower reflectance than HCB1. HCB were distinguished from 

bitumen using the descriptions of Kyser et al. (1989). 
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Fig. 2.4 Photomicrographs of pyrite veins in the P2 fault zone. A. reflected light and B. 
transmitted plane polarized light images of sample MC 410-2 658.1 showing unaltered pyrite 
veins (Py1), associated illitization, metamorphic rutile inclusions in Py1, and absence of sudoite 
alteration. C. Transmitted plane polarized light image of sample MC 411-1 641.1 from basement 
rock in the hanging wall. These samples show sudoite alteration of fault-hosted Py1, replacement 
of illite with sudoite, absence of sudoite alteration where pyrite is armored by hydrothermal 
quartz (VQz1), and replacement of metamorphic and hydrothermal quartz by sudoite. D. 
Reflected light image of sample MC-411-1 660.5 showing fault-hosted Py1 replacement by 
sudoite, euhedral Py2 overgrowth on corroded Py1, and fluorapatite associated with the strongest 
sudoite alteration. E. transmitted plane polarized light and F. reflected light images of sample 
MC-410-1 602.7 in the immediate metamorphic hanging wall to the sandstone fault wedge. This 
sample shows pervasive sudoite-dravite-fluorapatite alteration, hematite inclusions in 
fluorapatite, and ore stage sulfide alteration. 
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Fig. 2.5 BSE images of pyrite veins distal and proximal to the unconformity. A. Sample MC-430 
971.6, a relatively unaltered basement gneiss at depth with brecciated fault-hosted pyrite vein 
and associated illite alteration. B-D. Sample MC-411-1 660.5 from the footwall near the 
unconformity below the fault wedge with pyrite (Py1) dissolution textures, hydrothermal quartz 
armoring (VQz1), sudoite-fluorapatite alteration, and Fe-sudoite replacing pyrite. E. Sample 
MC-411-1 660.5 showing patchy texture in Fe-sudoite replaced Py1 delineating zones of variable 
sulfur content, and overgrowth of euhedral Py2 on Py1. F. Sample MC-411 632.0 showing Fe-
sudoite replacing Py1. 
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Fig. 2.6 BSE images of barite in sudoite-altered basement rocks. A. and B. Submicron scale 
barite associated with mixed Mg-sudoite and illite (Ilt1) in sample MC-415 771.9. Barite occurs 
as anhedral nodules in the pore space between Ilt1 and Mg-sudoite sheets.  
 
 

 
Fig. 2.7 Cathodoluminescence images of quartz veins associated with fault-hosted pyrite. A. 
Sample MC-415 687.4 with a pyrite vein and two generations of hydrothermal quartz VQz1 

(orange CL) and VQz2 (darker CL) veins cutting metamorphic quartz (blue and purple CL). The 
inner growth zones of the VQz1 are cut by the pyrite, indicating the hydrothermal quartz formed 
before or during pyrite formation, and that vein-hosted pyrite is post-metamorphic. VQz1 is 
rimmed by VQz2 with darker CL. B. Sample MC-411-1 660.5-660.6 with a VQz1 vein armoring 
against sudoite alteration of vein pyrite.   
 
  

 BSE imaging and EDS analyses of sandstone-hosted uraninite in sample MC-410-1 611.7 

(Fig. 2.10) shows three generations of uraninite with variations in BSE brightness corresponding 

to progressively decreasing U content from Urn1-Urn3, and elevated Pb concentrations in Urn3. 
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Chalcopyrite is embayed into Urn2 and euhedral crystals of Urn3 replace chalcopyrite. Galena 

crosscuts all generations of uraninite, with Urn1 exhibiting the most intense galena replacement.  

 

 Basement-hosted uraninite occurs in strongly bleached rocks characterized by intense 

pre-ore illite, Mg-sudoite, aluminum phosphate-sulfate minerals (APS), and euhedral pyrite (Py2) 

alteration of graphitic gneiss. APS minerals show distinct zoning in BSE images. EDS analyses 

indicate that the dark cores of APS minerals are Ca- and Sr-rich; brighter zones are enriched in 

La, Ce, and Nd; and intermediate brightness zones are enriched in Ca, Sr, and Ce (Fig. 2.11A). 

The Ca-Sr-rich cores of APS minerals are surrounded by growth zone-parallel porosity that is in 

turn rimmed by Ca-Sr-As enriched APS. Bright and dark BSE growth zones alternate and range 

in thickness from ~1 µm to submicron scales. 

 

 Basement-hosted uraninite occurs in three generations and has paragenetic relationships 

with Py2 and chalcopyrite similar to sandstone-hosted uraninite (Figs. 2.11B-F). Py2 is rimmed 

and partially replaced by Urn1, which is in turn rimmed by and partially replaced by chalcopyrite 

(Figs. 2.11B and C). Urn1 is also rimmed or replaced by Urn2, which is slightly darker in BSE 

than Urn1 (Figs. 2.11D and E). Urn2 is rimmed by Urn3, which is darker in BSE than both Urn1 

and Urn2. EDS analyses indicate that these variations in BSE brightness are largely caused by 

increasing silicon and calcium content from Urn1 through Urn3. Chalcopyrite infills void space 

in, or partially replaces APS minerals, and is partially replaced by U3 (Fig. 2.11F). 

 

Late alteration Post-ore alteration is dominated by calcite, and is minor compared to pre-ore and 

ore-stage alteration. Calcite is observed infilling contacts between various ore-stage minerals, 

and between post-ore monazite rims on HCB (Figs. 2.8E, 2.9F, and 2.12).   

 

2.3.3 Paragenesis 

 Optical microscopy, SEM analysis, and CL imaging were used to identify key 

paragenetic relationships. Figure 2.13 depicts the paragenetic sequence derived from these 

observations. The general paragenetic trend in metamorphic rocks and the sandstone consists of 

pre-oxidation minerals, an oxidized mineral assemblage, followed by a reduced mineral 

assemblage including uraninite, and late carbonate-phosphate alteration. 
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Fig. 2.8 Ore-stage uraninite and alteration associated with sandstone-hosted ore bodies. A. 
Reflected light image of sample MC-410-1 611.5 with complete replacement of all pre-ore 
minerals by Urn1. Mrc1 occurs filling vugs in Urn1, and as inclusions the outer zones of Urn1. B. 
and C. Reflected light images of sample MC-408 617.2 showing complete replacement of 
detrital quartz with Fe-sudoite (Fe-sud1-2) and dravite, Urn1 and Fe-sud2 replacing euhedral Py2, 
Urn1 rimming Urn2, Urn2 with chalcopyrite embayed into Urn2, and chalcopyrite nodules on 
dravite. D. Transmitted plane polarized light image of sample MC-410-1 611.7 with reflected 
light inset showing corrosion of detrital and euhedral quartz and replacement by sudoite. Urn1 
and Urn2 p partially replace sudoite. E. and F. reflected light images of sample MC-408 615.5 
showing relationships between Mrc2, pre-ore euhedral quartz, HCB1 and HCB2, chalcopyrite, 
post-ore calcite, and partial inversion of marcasite to pyrite. Note Mrc2 growing around HCB, 
and HCB-Mrc2 contacts infilled by post-ore calcite. 
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Fig. 2.9 BSE images of ore-stage uraninite and alteration minerals associated with sandstone-
hosted uranium ore bodies. A. Sample MC-408 615.5 with Cu-rich growth zones in Mrc1 cut by 
HCB, and chalcopyrite rim on Mrc1. B. Sample MC-408 615.5 with Mrc2 showing concentric 
Cu-rich growth zones not cut by pre-ore euhedral quartz. C. and D. Sample MC-410-1 602.7 
with cobaltite-gersdorffite overgrowths on fault-hosted pyrite (Py1), chalcopyrite rimming or 
filling microfractures in vein-hosted pyrite and rimming cobaltite-gersdorffite. E. and F. Sample 
MC-408 615.5 with Urn3 replacing chalcopyrite along contacts with fluorapatite and HCB. Urn3 
also occurs along the contact between HCB1 and HCB2.   
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Fig. 2.10 BSE images of ore-stage uraninite and alteration minerals associated with sandstone-
hosted uranium ore bodies from sample MC-410-1 611.7. A. Urn1, Urn2, and Urn3 distinguished 
by variations in BSE brightness corresponding to variations in U and Pb content. A-C. Galena 
crosscuts all generations of uraninite, and preferentially replaced Urn1. C. and D. Urn2 is partially 
replaced by chalcopyrite, and euhedral Urn3 replaces chalcopyrite. 
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Fig. 2.11 BSE images of ore-stage uraninite and alteration minerals associated with basement-
hosted uranium ore bodies, from sample MC-415 803.4. A. Compositional zoning in APS 
minerals. B. and C. Paragenetic relationships between Py2 and APS minerals, Urn1, and 
chalcopyrite. D. and E.  Urn1, Urn2, and Urn3 overgrowths on pre-ore euhedral pyrite. F. 
Chalcopyrite replacement of APS mineral, and subsequent replacement of chalcopyrite by Urn3. 
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Fig. 2.12 Microtextural relationships between late alteration minerals. A. and B. Calcite infilling 
contacts between monazite rims on HCB. MC-408 615.5. 
  

 

 
Fig. 2.13 Paragenetic sequence of alteration minerals in sandstone and metamorphic basement 
rocks along the P-2 fault.  
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 Key relationships include: 1) Emplacement of fault-hosted pyrite (Py1) and associated 

illitization (Ilt 1) of feldspar; 2) Syn- to post-Py1 hydrothermal quartz veins (VQz1) with inner 

zones cut by Py1; VQz1 locally armors vein-hosted pyrite; 3) Formation of euhedral quartz (EQz1 

and EQz2) with hematite inclusions; 4) Corrosion of metamorphic, detrital, and hydrothermal 

quartz is associated with dravitization, Mg-sudoite replacement of Ilt1, and in intensely altered 

rocks fluorapatite. All minerals associated with quartz corrosion contain fluorine. 5) Corrosion 

and replacement of Py1 by Fe-sudoite (Fe-sud1), Fe-sud1 also replaces Mg-sudoite.  Strongly 

zoned APS minerals formation occurred along with Fe-sudoite, and may have continued 

episodically until chalcopyrite formation. Recrystallization of pyrite occurred in sudoite-altered 

Py1. 6) Euhedral pyrite (Py2) and cobaltite-gersdorffite occur disseminated in intensely 

sudoitized rocks near sandstone-hosted ore bodies. Euhedral Py2 also occurs as overgrowths on 

sudoitized Py1 veins. 7) The first generation of uraninite (Urn1) rims or replaces euhedral Py2. 

Uraniferous rutile formed along with Urn1 in the basement. Fe-sudoite (Fe-sud2) replaces 

euhedral Py2, this probably occurred with the formation of each uraninite generation. 8) 

Marcasite (Mrc1) forms during and after the last stages of Urn1 formation. 9) A second 

generation of uraninite (Urn2) rims Urn1 and cobaltite. Urn2 contains chalcopyrite embayed into 

the rim. VQz2 cuts chalcopyrite, but the paragenetic relationship between VQz2, Urn3, and galena 

is unknown. 10) Marcasite (Mrc2) Rims HCB2 and is replaced by chalcopyrite. 11) A third 

generation of uraninite (Urn3) replaces chalcopyrite and is included within HCB2. 12) Galena 

crosscuts all uraninite generations, and preferentially replaces Urn1.; and 13) Late alteration 

minerals are monazite followed by calcite.  

 

2.3.4 Electron Microprobe Analysis 

 
 Chlorite minerals Chlorite octahedral site occupancy was determined by recalculating 

mineral formulas based on 14 oxygens, and the results are given in Figure 2.14. Chlorite from 

bleached basement rocks in the footwall have Mg-sudoite compositions. Chlorite forming the 

groundmass, breccia fragments, and cores of Fe-rich chlorite haloes cluster around the Mg-

sudoite composition. Chlorite rimming chlorite breccia fragments, in the Fe-rich chlorite haloes, 

and associated with pyrite alteration constitute a trend away from Mg-sudoite directly towards 

iron, and have compositions consistent with Fe-sudoite and di-trioctahedral chlorite. Weight 
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percent oxides and calculated octahedral site occupancy for all spots analyzed in sample MC-

411-1 660.5 are provided in Table 2.4, with location of spots given in Figure 2.15. This data 

represents the trend from Mg-sudoite towards Fe that is associated with Fe-sudoite replacement 

of pyrite and Mg-sudoite. Data for all chlorite analyses are provided in Appendix A 

supplemental electronic file: McArthur_River_chlorite_compositions.xlsx. 

 
 Sulfide and sulfarsenide minerals Figure 2.16 is a Fe-S-100Cu ternary diagram, and 

shows a trend towards Cu enrichment of sulfide minerals over time. The fault-hosted pyrite (Py1) 

data are clustered tightly at low Cu concentrations. The sulfur deficiency and variable S and Fe 

contents in Fe-sudoite altered Py1 are confirmed by EMP analyses. Euhedral pyrite (Py2) in 

bleached basement rocks has a range of Cu concentrations that are all higher than the fault-

hosted pyrite. Mrc1 has low to intermediate Cu concentrations, and Mrc2 has clusters of data 

points over a wide range of Cu concentrations reflecting the Cu zonation seen in BSE images. 

Mrc1 has As contents ranging from ~1-2 wt.% while As in Mrc2 is >1 wt.%. Chalcopyrite has the 

highest Cu concentrations of all sulfides examined. Representative data for sulfide minerals are 

given in Tables 2.5-2.7. Data for all sulfide and sulfarsenide analyses are provided in Appendix 

A supplemental electronic file: McArthur_River_sulfide_compositions.xlsx. 

 

 The range of compositions of cobaltite-gersdorffite crystals and variations in Co and Ni 

concentrations from the core to the edge of the crystal are given in Figure 2.17. Euhedral 

cobaltite-gersdorffite crystals have Co-rich cobaltite cores with progressively higher Ni 

concentrations towards the edge of the crystal where the composition is Co-rich gersdorffite. 

Representative data for cobaltite-gersdorffite are given in Table 2.8. 

 
 Uraninite The three generations of sandstone-hosted uraninite and basement-hosted 

uraninite were analyzed for U, Th, Pb, Si, Ca, Ba, P, S, Al, Sc, Ti, V, Cr, Fe, Co, Zr, Hf, Y, Sm, 

and Er. Oxygen was determined based on charge balance requirements. Basement-hosted 

uraninite was too small to resolve compositional differences between generations using a 1 µm 

spot size, and therefore EMP data represents average compositions. Several analyses have low 

analytical totals. These can be caused by partial oxidation or auto-oxidation of U+4 to U+6, water 

or hydroxyl groups adsorbed on the uraninite crystal structure, areas of alteration smaller than 

the electron beam interaction volume, and analytical error (Janeczek and Ewing, 1992). The 
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three generations of sandstone-hosted uraninite have distinct trace element signatures from each 

other and from basement-hosted uraninite (Figs. 2.18-2.20). Representative uraninite 

compositions are provided in Tables 2.9 and 2.10. Elements with every analysis below the 

detection limit are not reported. Data for all uraninite analyses are provided in the supplemental 

electronic files: McArthur_River_SS_uraninite_compositions.xlsx, and McArthur 

River_basement_uraninite_compositions.xlsx (Appendix A). Sandstone-hosted Urn1 is 

characterized by elevated U and Pb content, and low Si, Ca, Th, Y, Sm, and Er content. There is 

a trend towards increasing Si and Ca, and decreasing U from Urn1 through Urn3 (Figs. 2.18 and 

2.19), with Urn3 trending towards basement-hosted uraninite compositions. Basement-hosted 

uraninite is compositionally distinguished from sandstone-hosted uraninite by elevated Si, Fe, Ti, 

Th, Y, Er, and Sm content, and lower U and Pb content. High-Ti analyses from MC-415 779.3 

have compositions consistent with uraniferous rutile (Saager and Stupp, 1983). Figure 2.20 

shows the distinct U, Pb, and Th contents between sandstone- and basement-hosted uraninite. 

The compositional trends of sandstone-hosted uraninite generations determined in this study are 

comparable to those determined by Fayek and Kyser (1997) for McArthur River. Sulfur is below 

the detection limit for all uraninite analyses, indicating that Pb is within the uraninite structure 

(Janeczek and Ewing, 1992). 

 

 
Fig. 2.14 Octahedral site occupancy of chlorites determined by EMP analysis and formula 
calculation using 14 oxygens. Chlorite endmember compositions from Holland and Powell 
(1998). Fe-sudoite composition from Ng et al. (2013).  
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Fig. 2.15 Microprobe spots for MC-411-1 660.5. The size of the spot corresponds to a 2 µm 
interaction volume, and the numbers correspond to spot ID numbers in Table 2.4. 
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Table 2.4 MC-411-1 660.5 chlorite EMP analyses 
Spot ID 1 2 3 4 5 6 7 8 9 

SiO2 32.331 33.639 33.107 31.659 33.817 30.528 30.336 35.823 31.025 
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Al2O3 23.972 23.066 21.667 22.898 25.554 22.435 22.524 33.007 27.950 
Cr2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl 
FeO 14.862 14.230 14.648 16.334 11.218 16.957 19.026 2.027 5.507 
MnO 0.066 0.079 0.038 0.073 0.004 0.120 0.100 bdl bdl 
V2O3 bdl bdl bdl bdl bdl bdl bdl bdl 0.004 
NiO bdl bdl bdl 0.002 0.007 bdl 0.001 bdl bdl 
CoO 0.014 bdl 0.008 0.014 bdl bdl 0.011 bdl 0.008 
ZnO bdl bdl bdl bdl bdl 0.038 bdl 0.027 bdl 
MgO 13.987 14.286 12.893 13.734 14.121 13.216 12.706 14.380 20.746 
CaO 0.212 0.094 0.093 0.152 0.153 0.217 0.241 0.103 0.113 
BaO bdl bdl bdl bdl 0.002 bdl bdl 0.008 bdl 
Na2O 0.027 0.039 0.026 0.058 0.041 0.046 0.029 0.022 0.006 
K2O 0.205 0.148 0.101 0.128 0.260 0.159 0.152 0.510 0.160 
Cl 0.049 0.073 0.086 0.110 0.065 0.052 0.042 0.011 0.011 
F 0.982 0.235 0.279 0.305 0.481 0.403 0.429 0.347 0.443 

Total 86.706 85.889 82.948 85.467 85.721 84.171 85.596 86.266 85.973 
Cations 
per 14 O 

         

Si 3.22 3.33 3.40 3.20 3.30 3.16 3.13 3.26 2.95 
Al  2.81 2.69 2.62 2.73 2.94 2.74 2.74 3.55 3.13 
Fe 1.24 1.18 1.26 1.38 0.91 1.47 1.64 0.15 0.44 
Mn 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 
Mg 2.07 2.11 1.98 2.07 2.05 2.04 1.95 1.95 2.94 
Ca 0.02 0.01 0.01 0.02 0.02 0.02 0.03 0.01 0.01 
Na 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
K 0.03 0.02 0.01 0.02 0.03 0.02 0.02 0.06 0.02 

SiIV 3.22 3.33 3.40 3.20 3.30 3.16 3.13 3.26 2.95 
Al IV 0.78 0.67 0.60 0.80 0.70 0.84 0.87 0.74 1.05 

vacancyVI  0.66 0.69 0.73 0.60 0.80 0.57 0.53 1.08 0.54 
AlVI  2.03 2.02 2.03 1.94 2.23 1.90 1.86 2.81 2.08 
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Table 2.4 MC-411-1 660.5 chlorite EMP analyses continued 
Spot ID 10 11 12 13 14 15 16 17 18 

SiO2 32.094 37.201 33.181 34.436 32.859 35.427 30.894 33.283 36.850 
TiO2 bdl bdl bdl bdl bdl 0.003 bdl bdl bdl 
Al2O3 24.525 33.559 23.362 25.904 23.873 31.389 21.528 22.496 34.718 
Cr2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl 
FeO 14.035 3.531 16.513 10.904 15.837 4.164 18.052 10.089 1.268 
MnO 0.033 0.008 0.083 0.015 0.055 0.003 0.079 0.026 bdl 
V2O3 bdl bdl bdl 0.001 bdl 0.004 bdl bdl bdl 
NiO bdl 0.021 0.011 0.011 0.003 0.004 bdl bdl bdl 
CoO 0.019 bdl 0.031 0.008 bdl bdl bdl 0.005 bdl 
ZnO bdl bdl 0.021 0.007 0.050 0.000 0.006 0.001 bdl 
MgO 14.068 15.104 13.471 15.085 13.204 14.685 12.509 15.710 13.635 
CaO 0.092 0.099 0.219 0.099 0.216 0.128 0.192 0.315 0.093 
BaO bdl bdl bdl bdl bdl bdl bdl bdl 0.015 
Na2O 0.006 0.012 0.048 0.022 0.044 0.009 0.049 0.068 0.006 
K2O 0.123 0.495 0.187 0.165 0.219 0.434 0.133 0.164 0.654 
Cl 0.140 0.029 0.026 0.089 0.048 0.013 0.016 0.032 0.023 
F 0.397 0.452 0.545 0.572 0.606 0.494 0.710 0.936 0.268 

Total 85.531 90.511 87.699 87.318 87.012 86.759 84.167 83.126 87.529 
Cations 
per 14 O 

         

Si 3.20 3.26 3.27 3.29 3.25 3.26 3.23 3.36 3.29 
Al  2.88 3.47 2.71 2.92 2.79 3.40 2.65 2.68 3.65 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 1.17 0.26 1.36 0.87 1.31 0.32 1.58 0.85 0.09 
Mn 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 
Mg 2.09 1.97 1.98 2.15 1.95 2.01 1.95 2.36 1.81 
Ca 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.03 0.01 
Na 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 
K 0.02 0.06 0.02 0.02 0.03 0.05 0.02 0.02 0.07 

SiIV 3.20 3.26 3.27 3.29 3.25 3.26 3.23 3.36 3.29 
Al IV 0.80 0.74 0.73 0.71 0.75 0.74 0.77 0.64 0.71 

vacancyVI  0.66 1.03 0.67 0.77 0.69 1.00 0.59 0.75 1.16 
AlVI  2.08 2.73 1.98 2.21 2.04 2.66 1.88 2.03 2.94 
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Table 2.4 MC-411-1 660.5 chlorite EMP analyses continued 
Spot ID 19 20 21 22 23 24 26 

SiO2 37.937 30.199 30.430 31.928 33.856 32.640 32.919 
TiO2 bdl bdl bdl bdl bdl bdl bdl 
Al2O3 33.067 23.247 24.722 24.274 24.983 23.025 23.495 
Cr2O3 bdl bdl bdl bdl bdl bdl bdl 
FeO 0.899 14.330 14.478 16.145 14.465 11.121 13.820 
MnO bdl 0.061 0.069 0.071 0.063 0.027 0.023 
V2O3 bdl bdl bdl bdl bdl bdl bdl 
NiO bdl bdl 0.002 bdl 0.024 bdl bdl 
CoO 0.006 0.004 0.043 0.013 0.006 0.014 0.008 
ZnO bdl bdl bdl bdl 0.008 bdl 0.001 
MgO 15.504 14.033 13.610 14.568 15.423 17.113 14.757 
CaO 0.072 0.059 0.058 0.161 0.049 0.072 0.101 
BaO bdl bdl bdl 0.023 bdl bdl bdl 
Na2O 0.008 bdl bdl 0.006 0.016 0.025 0.037 
K2O 0.299 0.100 0.187 0.138 0.048 0.055 0.408 
Cl 0.087 0.164 0.132 0.026 0.026 0.096 0.023 
F 0.227 0.186 0.125 0.288 0.465 0.525 0.589 

Total 88.106 82.381 83.855 87.641 89.431 84.712 86.180 
Cations 
per 14 O 

       

Si 3.35 3.14 3.10 3.14 3.22 3.24 3.26 
Al  3.44 2.85 2.97 2.81 2.80 2.70 2.74 
Fe 0.07 1.25 1.24 1.33 1.15 0.92 1.14 
Mn 0.00 0.01 0.01 0.01 0.01 0.00 0.00 
Mg 2.04 2.18 2.07 2.14 2.19 2.53 2.18 
Ca 0.01 0.01 0.01 0.02 0.00 0.01 0.01 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
K 0.03 0.01 0.02 0.02 0.01 0.01 0.05 

SiIV 3.35 3.14 3.10 3.14 3.22 3.24 3.26 
Al IV 0.65 0.86 0.90 0.86 0.78 0.76 0.74 

vacancyVI  1.10 0.58 0.61 0.57 0.63 0.60 0.67 
AlVI  2.79 1.99 2.08 1.95 2.02 1.94 2.00 
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Fig. 2.16 Ternary diagram plotting concentrations of Fe, S, and 100 times Cu (wt. %) for fault-
hosted pyrite, euhedral pyrite, marcasite, and chalcopyrite.   
 
 

      
 
A        B 
Fig. 2.17 Compositional data for sulfarsenide minerals. A. Ternary diagram showing constant S 
+ As with respect to variable Co and Ni in cobaltite-gersdorffite crystals, data in wt. %. B. Co vs. 
Ni plot showing the variation from Co-rich cores to more Ni-rich rims in cobaltite-gersdorffite 
crystals. 
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Table 2.5 Representative EMP analyses for fault-hosted and euhedral pyrite, data in wt.% 
Sample 

ID Morphology   Cu    Fe    Ni    Co    As     S  
   

Total 
MC-410-
1 599.1 

Fault-hosted 
vein Py1 0.035 46.39 0.090 0.23 bdl 52.43 99.14 

MC-410-
1 599.1 

Fault-hosted 
vein Py1 0.035 46.37 0.150 0.31 bdl 52.37 99.19 

MC-410-
1 599.1 

Fault-hosted 
vein Py1 0.035 47.30 0.092 0.22 bdl 53.18 100.79 

MC-410-
1 599.1 

Fault-hosted 
vein Py1 0.035 46.82 0.197 0.13 bdl 52.17 99.32 

MC-410-
2 659.6 

Fault-hosted 
vein Py1 0.035 47.36 bdl 0.08 bdl 54.03 101.47 

MC-410-
2 659.6 

Fault-hosted 
vein Py1 0.035 47.15 bdl 0.08 bdl 53.53 100.76 

MC-410-
2 659.6 

Fault-hosted 
vein Py1 0.035 46.72 bdl 0.09 bdl 53.91 100.72 

MC-410-
2 659.6 

Fault-hosted 
vein Py1 0.035 46.75 bdl 0.07 bdl 54.05 100.86 

MC-410-
2 659.6 

Fault-hosted 
vein Py1 0.035 46.91 bdl 0.09 bdl 53.79 100.79 

MC-410-
2 659.6 

Fault-hosted 
vein Py1 0.07 46.92 bdl 0.08 bdl 54.00 101.07 

MC-410-
2 659.6 

Fault-hosted 
vein Py1 0.035 45.62 bdl 0.06 0.090 53.42 99.19 

MC-410-
2 659.6 

Fault-hosted 
vein Py1 0.035 46.69 bdl 0.09 bdl 53.86 100.64 

MC-430 
971.6 

Fault-hosted 
vein Py1 0.035 47.26 bdl 0.09 bdl 53.89 101.24 

MC-430 
971.6 

Fault-hosted 
vein Py1 0.035 47.05 bdl 0.08 bdl 53.78 100.91 

MC-430 
971.6 

Fault-hosted 
vein Py1 0.035 47.17 bdl 0.10 bdl 54.00 101.28 

MC-430 
971.6 

Fault-hosted 
vein Py1 0.035 47.05 bdl 0.10 bdl 53.83 100.98 

MC-415 
771.9 

Euhedral  
Py2 0.035 47.12 bdl 0.14 bdl 54.09 101.36 

MC-415 
771.9 

Euhedral  
Py2 0.39 45.10 bdl 0.31 bdl 53.98 99.77 

MC-415 
771.9 

Euhedral  
Py2 0.56 44.83 0.138 0.74 0.049 52.89 99.21 

MC-415 
771.9 

Euhedral  
Py2 0.67 45.73 0.122 0.52 bdl 53.92 100.96 

MC-415 
771.9 

Euhedral  
Py2 1.13 44.84 0.170 0.73 bdl 53.30 100.16 
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Table 2.5 continued 
MC-415 

771.9 
Euhedral  

Py2 0.48 44.57 0.080 1.25 0.054 52.40 98.84 
MC-415 

771.9 
Euhedral  

Py2 0.52 46.12 0.051 0.61 0.050 54.09 101.45 
MC-415 

771.9 
Euhedral  

Py2 0.93 45.53 0.123 0.44 bdl 53.83 100.87 
  

Table 2.6 Representative EMP analyses for marcasite, data in wt.% 
Sample ID Morphology Cu Fe Ni Co As S Total 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.035 45.77 bdl 0.09 1.111 52.36 99.33 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.035 46.29 bdl 0.08 1.085 52.90 100.3 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.035 44.15 0.155 0.17 1.809 51.43 97.72 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.035 44.16 bdl 0.07 2.352 50.63 97.22 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.31 42.91 bdl 0.06 0.948 50.93 95.15 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.79 40.86 bdl 0.08 1.559 47.93 91.22 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.08 41.94 bdl 0.07 1.958 50.22 94.27 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.13 40.59 bdl 0.10 2.226 48.35 91.39 
MC-410-1 

611.5 
Vug in Urn1 

Mrc1 0.035 39.20 bdl 0.08 1.868 47.64 88.79 
MC-408 

615.5 
Euhedral 

Mrc2 0.15 46.61 bdl 0.22 0.089 53.33 100.4 
MC-408 

615.5 
Euhedral 

Mrc2 0.17 46.48 bdl 0.10 0.083 53.36 100.2 
MC-408 

615.5 
Euhedral 

Mrc2 0.39 46.82 bdl 0.11 0.250 53.45 101.0 
MC-408 

615.5 
Euhedral 

Mrc2 0.36 46.79 bdl 0.08 0.133 53.79 101.2 
MC-408 

615.5 
Euhedral 

Mrc2 0.57 45.73 bdl 0.07 0.898 52.57 99.84 
MC-408 

615.5 
Euhedral 

Mrc2 0.89 46.12 bdl 0.09 0.061 53.64 100.8 
MC-408 

615.5 
Euhedral 

Mrc2 0.92 45.87 bdl 0.10 0.354 53.20 100.5 
MC-408 

615.5 
Euhedral 

Mrc2 1.56 45.74 bdl 0.09 0.612 53.04 101.0 
MC-408 

615.5 
Euhedral 

Mrc2 0.57 46.76 bdl 0.09 0.261 53.27 100.9 
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Table 2.7 Representative EMP analyses for chalcopyrite, data in wt.% 
Sample 

ID Morphology Cu Fe Ni Co As Mo S Total 
MC-408 

615.5 
marcasite 

replacement 34.12 30.22 bdl 0.05 bdl 0.06 34.27 98.73 
MC-408 

615.5 
marcasite 

replacement 34.04 30.13 bdl 0.05 bdl bdl 34.55 98.78 
MC-408 

615.5 
marcasite 

replacement 34.28 29.85 bdl 0.05 bdl bdl 34.66 98.84 
MC-408 

615.5 
marcasite 

replacement 33.93 30.08 bdl 0.05 bdl 0.04 34.20 98.31 
MC-
410-1 
599.6 

fracture fill 
in pyrite 34.93 30.70 bdl 0.07 0.038 0.02 34.91 100.67 

MC-
410-1 
599.6 

fracture fill 
in pyrite 34.55 30.67 bdl 0.05 0.098 0.06 34.78 100.21 

MC-
410-1 
599.6 

fracture fill 
in pyrite 34.13 29.78 bdl 0.06 bdl 0.03 34.52 98.53 

MC-
410-1 
599.6 

fracture fill 
in pyrite 33.99 30.01 bdl 0.06 bdl 0.03 34.63 98.72 

MC-
410-1 
599.6 

fracture fill 
in pyrite 34.11 30.39 bdl 0.04 bdl 0.04 35.36 99.93 

MC-
410-1 
599.6 

fracture fill 
in pyrite 34.28 30.00 bdl 0.05 bdl 0.02 34.50 98.85 

MC-
410-1 
599.6 

fracture fill 
in pyrite 34.04 30.38 bdl 0.06 bdl 0.05 34.68 99.21 
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Table 2.8 Representative EMP analyses for euhedral cobaltite-gersdorffite in sample MC-408 
617.2, data in wt.% 

Spot 
location Cu Fe Ni Co As Mo S Total 

overgrowth bdl 1.87 8.484 24.41 41.944 0.03 20.17 96.90 
core bdl 1.95 3.363 29.81 40.118 0.09 21.42 96.75 
core bdl 2.14 3.092 29.35 39.742 0.55 21.23 96.10 
core bdl 1.55 2.850 28.56 41.512 1.40 19.63 95.51 
core bdl 0.98 9.221 24.50 42.352 bdl 19.65 96.71 

overgrowth bdl 0.80 18.321 15.90 42.047 bdl 20.19 97.26 
 
  

 

 

 
Fig. 2.18 Ternary diagram showing variation in Pb, Si, and Ca (mol%) between sandstone-hosted 
Urn1, Urn2, Urn3, and basement-hosted uraninite and uraniferous rutile. 
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Fig. 2.19 Ternary diagram showing variation in U, Si, and 10 times Ca (mole%) between 
sandstone-hosted Urn1, Urn2, Urn3, and basement-hosted uraninite and uraniferous rutile. 
 
 

 
Fig. 2.20 Ternary diagram showing variation in U, Pb, and 100 times Th (mol%) between 
sandstone-hosted Urn1, Urn2, Urn3, and basement-hosted uraninite and uraniferous rutile. 
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Table 2.9 Representative EMP analyses for sandstone-hosted uraninite, data in wt.%. 

Sample ID Generation U Th Pb Si Ca Zr Ti Fe Al  Sc Sm P O 
 

Total 
MC-410-1 

611.5 Urn1 63.98 bdl 8.50 0.426 0.816 bdl 0.08 0.17 bdl 0.035 bdl 0.32 10.60 84.94 
MC-410-1 

611.5 Urn1 51.82 bdl 27.13 0.324 0.499 bdl 0.05 0.14 bdl 0.039 bdl 0.18 9.96 90.15 
MC-410-1 

611.5 Urn2 57.22 bdl 12.58 1.206 0.600 bdl bdl 0.26 0.027 0.051 bdl 0.87 11.53 84.35 
MC-410-1 

611.6 Urn2 53.36 bdl 18.85 0.830 0.709 bdl bdl 0.14 0.055 0.019 bdl 0.41 10.48 84.85 
MC-408 

617.2 Urn3 61.38 bdl 0.78 1.783 2.909 bdl 0.26 0.85 0.141 0.044 bdl 0.05 12.15 80.36 
MC-408 

617.2 Urn3 60.00 bdl 2.90 1.910 2.844 0.08 0.26 0.68 0.132 0.036 0.03 0.09 12.26 81.23 
 

Table 2.10 Representative EMP analyses for basement-hosted uraninite and uraniferous rutile, data in wt.%. 
Sample 

ID U Th Pb Si Ca Zr Hf Ti Fe Al  Sc Y Sm Er P O Total 
MC-415 

803.4 59.77 0.17 bdl 1.244 1.709 3.39 bdl 1.93 1.06 0.504 bdl bdl 0.04 bdl 0.13 13.57 83.52 
MC-415 

803.4 56.00 0.06 bdl 2.152 2.225 3.13 bdl 1.80 0.92 0.303 bdl bdl bdl bdl 0.30 14.11 81.00 
MC-415 

803.4 53.61 0.18 bdl 2.219 2.119 5.09 bdl 1.54 0.75 0.098 bdl bdl 0.04 bdl 0.33 14.15 80.12 
MC-415 

771.9 41.66 3.88 0.09 6.771 0.936 4.27 0.11 0.24 2.02 0.619 0.349 1.35 0.39 0.16 1.12 19.12 83.09 
MC-415 

779.3 20.93 0.30 0.41 1.100 0.462 0.09 bdl 34.52 1.08 0.218 0.089 0.15 0.11 bdl 0.00 28.04 87.50 
MC-415 

779.3 19.52 0.36 0.57 0.678 0.583 0.07 bdl 34.10 1.13 0.090 0.019 bdl bdl bdl 0.20 27.20 84.51 
MC-415 

779.3 14.81 0.69 2.48 0.137 0.310 0.09 bdl 36.19 0.65 0.080 0.017 bdl bdl bdl bdl 27.04 82.48 
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2.4 Discussion 

 Fault-hosted pyrite The results of the present study show that the fault-hosted pyrite 

veins (Py1) at McArthur formed after metamorphism and deformation of the basement rocks. The 

veins crosscut foliation and metamorphic minerals. Adlakha et al. (2016) obtained concordant U-

Pb ages for rutile ranging from 1726 ±12 Ma to 1771.3 ±9.8 Ma, younger than the age of 1800-

1840 Ma for peak metamorphic P-T conditions (Annesley et al., 2005). Alexandre et al. (2009) 

obtained an 40Ar/39Ar age of 1675 ±15 Ma for illitized feldspar from McArthur River. 

Crosscutting relationships establish that Py1 is younger than rutile, placing an upper age limit of 

1726 Ma on Py1. The paragenetic association between Py1 and illitized feldspar suggest that Py1 

most likely formed ca. 1675 Ma, after sedimentary deposition began in the Athabasca Basin. The 

pyrite veins are interpreted to be pre-ore as the pyrite is replaced by Fe-sudoite, which is 

associated with the ca. 1590 Ma uraninite mineralization at McArthur and elsewhere (Billault et 

al., 2002; Alexandre et al., 2009; Ng. et al., 2013). 

 

2.4.1 Pre-ore Alteration 

 

 Significance of fault-hosted pyrite The textural relationship between Fe-sudoite and 

altered Py1 veins in the P2 fault proximal to the unconformity is indicative of a chemical reaction 

involving these two minerals. This hypothesis is supported by the absence of pyrite dissolution 

where pyrite is armored by hydrothermal quartz. The decreasing intensity of pyrite dissolution 

and abundance of Mg- and Fe-sudoite with depth along the P2 fault suggests that the fluid 

responsible for sudoitization and pyrite dissolution originated from the basin, and penetrated into 

the basement becoming buffered to the rock with depth.  

 

 Sudoite is a di-trioctahedral chlorite that can incorporate Fe3+ into the dioctahedral layer. 

Billault et al. (2002) and Ng et al. (2013) conducted studies on the structure and chemistry of Fe-

sudoite from the Athabasca Basin, including samples from McArthur River. Using Mössbauer 

spectroscopy these authors confirmed that significant amounts of Fe3+ is incorporated in the 

sudoite structure, with as much as 56-60% of the total iron being Fe3+. Ng et al. noted that 

sudoite surrounding uraninite deposits contained more total Fe than sudoite from barren 



 56 

locations, and proposed that higher concentrations of mobile Fe2+ contributed to mineralization 

at McArthur River. 

 

 We propose that fault-hosted Py1 veins provide an abundant source of Fe2+, and that 

oxidation of these veins by basinal fluids is responsible for the corrosion and replacement of Py1 

with Fe3+-bearing Fe-sudoite. Euhedral Py2 is also corroded and replaced by Fe-sudoite and 

Urn1. The SO4
2- resulting from pyrite oxidation was incorporated into APS minerals and barite, 

with a portion of SO42- remaining in solution as suggested by the absence of more soluble 

anhydrite. The patchy texture, sulfur deficiency, and variable S and Fe content of Fe-sudoite 

altered Py1 is consistent with oxidation of pyrite (Wersin et al., 1994). 

 

 Pyrite oxidation by hydrothermal fluids is a multi-step process using the following 

reactions (Granger and Warren, 1969; Goldhaber et al., 1978; Taylor et al., 1984; Scott et al., 

2007, Chandra and Gerson, 2010): 

 

FeS2 +7/2O2 +H2O �7  Fe2+ +2SO4
2- +2H+ (1) 

 

Fe2+ +1/4O2 +H+ �7  Fe3+ +1/2H2O (2) 

 

FeS2 +14Fe3+ +8H2O �7  15Fe2+ +2SO4
2- + 16H+ (3) 

 

In reaction (1) S22- in pyrite is oxidized to sulfate by O and Fe remains in the reduced divalent 

state. Water is a participating reactant in pyrite oxidation (Taylor et al., 1984), with 87.5% of O 

in SO4
2- formed by reaction (1) coming from molecular O, and the remainder supplied by H2O. 

In reaction (2) the Fe2+ resulting from reaction (1) is oxidized by O to Fe3+. Reaction (3) utilizes 

the Fe3+ produced in reaction (2) in addition to O derived from H2O to further oxidize the S22- in 

pyrite to SO4
2-.  

 

 In total seven electrons are transferred from to S2
2-, to 2SO4

2-. Taylor et al. (1984) note 

the low probability of more than two electrons being transferred in a redox reaction. This implies 

reaction steps involving S species with intermediate oxidation states. Granger and Warren 
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(1969), Goldhaber et al. (1978), and Uyama et al. (1985) propose the disproportionation of the 

thiosulfate ion as a key intermediary reaction in pyrite oxidation in uranium roll-front deposits. 

The thiosulfate reaction is: 

 

Fe2+ +2S2O3
2- +H2O �7  FeS2 +HSO3

- +SO4
2- +H+ (4) 

Reaction (4) occurs as an intermediate step within reactions (1) and (3), and shows that oxidation 

of FeS2 can result in a second generation of FeS2, and a decrease in pH; if the pH drops below 

~5.0 then marcasite will precipitate instead of pyrite (Goldhaber et al., 1978, Reynolds and 

Goldhaber, 1983; Murowchick and Barnes, 1986). Granger and Warren (1969) note that the 

redox reactions that produce SO4
2- from FeS2 are highly irreversible, rendering SO4

2- an inert 

oxidizing agent in closed systems. Consequently, when FeS2 is oxidized by a limited amount of 

O, the reduction potential of the system increases.  

 Pyrite oxidation by thiosulfate disproportionation is consistent with several key features 

of the paragenesis: (1) The sulfur isotope fractionation of Py1 and formation of Py2 are consistent 

with a second generation of Fe-disulfide minerals forming as a product pyrite oxidation 

involving thiosulfate disproportionation. (2) Precipitation of marcasite with U1 and U2 is 

consistent with a drop in pH resulting from thiosulfate disproportionation during the oxidation 

Py2 and its replacement by Fe-sud1-2 and Urn1-2. (3) The paragenetic trend from an oxidized 

mineral assemblage to a reduced mineral assemblage is consistent with the establishment of 

reducing conditions during the oxidation of pyrite by thiosulfate disproportionation. Sulfur 

isotope analysis of recrystallized fault-hosted Py1 associated with Fe-sudoite have �G34S values of 

approximately -20 to -35�Å����Chapter 3 of this thesis) supporting the oxidation of pyrite by 

thiosulfate disproportionation (Goldhaber et al., 1978; Uyama et al., 1985). 

 Quartz corrosion Previous studies of hydrothermal breccia associated with unconformity-

related uranium deposits note the quartz corrosion observed in the current study, and conclude 

that the morphology of corroded quartz is consistent with a chemical rather than mechanical 

origin (Lorilleux et al., 2002). The nearly complete corrosion of detrital and euhedral quartz in 

sandstone-hosted ore bodies indicates that quartz corrosion serves an important role in making 

space for the precipitation of massive uraninite (Cuney, 2009). 
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 This study has shown that the quartz corrosion event was followed by the formation of 

the minerals F-bearing Mg-sudoite, dravite (Adlakha, 2016), fluorapatite, and Fe-sudoite. This 

suggests that fluids involved in the formation of the oxidized mineral assemblage were F-

bearing, and that aqueous fluoride may have played a role in quartz corrosion (Mitra and 

Rimstidt, 2009). Alternatively, experiments by Dove and Nix (1997) show that the presence of 

alkali and alkaline earth cations in hydrothermal fluids significantly enhances quartz dissolution 

rates. The minerals that formed after quartz corrosion contain Mg or Ca, suggesting that these 

cations may have enhanced quartz dissolution. Fluid inclusion studies at McArthur River by 

Derome et al. (2005) indicate the presence of CaCl2 and MgCl2 in fluids near the P2 fault. They 

suggest the addition of Ca and Mg to fluids occurred during interaction of basinal fluids with the 

metamorphic basement. This may explain why quartz corrosion is most intense in sudoitized 

sandstone at the unconformity and in sudoitized basement rocks.  

 

 Comparison of fluoride- and alkaline earth cation-facilitated quartz dissolution rates at a 

pH of ~5 shows that alkaline earth cations have a significantly greater impact on dissolution rates 

than fluoride, except at fluoride concentrations > 1.0 mol/kg (Dove and Nix, 1997; Mitra and 

Rimstidt, 2009). Typical fluoride concentrations in basinal brines are approximately 1x10-6 to 

1.0x10-4 (White, 1963), with Fayek and Kyser (1997) using a value of ~5.0x10-3 for F-rich fluids 

in the Athabasca Basin; at these fluoride concentrations alkaline earth cations are orders of 

magnitude more effective at increasing quartz dissolution rates. This suggests that the 

incorporation of alkaline earth cations into basinal fluids during the alteration of the basement 

along the P2 fault played a key role in facilitating quartz corrosion and making space for massive 

uraninite ore bodies. This hypothesis is consistent with the observations of Derome et al. (2005) 

that NaCl-rich basinal fluids were modified by interaction with Mg- and Ca-bearing basement 

rock. The association of corroded quartz with Mg-sudoite, dravite, and fluorapatite alteration is 

consistent with the presence of Mg- and Ca-bearing fluids. The B needed to form dravite is likely 

derived from evaporite beds in the Athabasca Group, and is consistent with the source of the 

primary NaCl-rich fluids as proposed by Derome et al. (2005). 
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2.4.2 Ore-stage Alteration 

 

 Sulfide minerals The reduced mineral assemblage formed after the sudoitization of fault-

hosted pyrite veins, and is indicative of sustained reducing conditions during ore formation. The 

consistently low Cu content of Py1 veins compared to the progressive Cu enrichment of sulfide 

minerals in the reduced mineral assemblage shows that the reduced mineral assemblage formed 

from fluids distinct from those that formed Py1. It is likely that Cu was sourced from red-bed 

sandstone in the Manitou Falls Formation, transported by oxidizing basinal fluids, and delivered 

to the unconformity-P2 fault intersection where it was reduced and incorporated in sulfide 

minerals. Chalcopyrite has the highest Cu content of sulfide minerals, and partially replaces all 

generations of Fe-sulfides at McArthur River. The progressive increase in Cu content of sulfide 

minerals from the reduced mineral assemblage suggests a continual supply of Cu from basinal 

fluids during fluid flow events, and may serve as a proxy for protracted delivery of uraniferous 

basinal fluids to the unconformity-P2 fault intersection. Urn2 is replaced by chalcopyrite at 

McArthur River. Janeczek and Ewing (1992) utilize observations of chalcopyrite replacement of 

uraninite at Cigar Lake to support their contention that uraninite is unstable in the presence of 

H2S.   

 

 The lack of petrographic evidence for significant graphite destruction, and the 

paragenetic relationship of hydrocarbon buttons after primary uraninite (Urn1) mineralization 

supports the contention of Kyser et al. (1988) that graphite does not play a significant role as a 

reductant in unconformity-related deposits. It is likely as Kyser et al. (1989) hypothesize, that H2 

derived from the radiolysis of water by Urn1 reacts with graphite and produces hydrocarbon 

buttons such as the trace amounts observed at McArthur River. Hydrocarbon buttons may have 

served a minor role as a reductant for secondary uraninite precipitation as indicated by the 

association of Urn3 with hydrocarbon buttons. 

 

 The occurrence of marcasite in the sandstone fault-wedge (Figs. 2.8 and 2.9) can be used 

as a constraint on the physicochemical conditions during formation of the reduced mineral 

assemblage between Urn1 and Urn2. Experiments by Murowchick and Barnes (1986) determined 

that marcasite forms under a restricted set of conditions with a pH < 5, temperature < 240°C, and 
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in the presence of aqueous H2S2. Preservation of marcasite over multi-million year timescales 

requires post-formation temperatures < 160°C. Pyrite forms at a pH > 5. The occurrence of 

euhedral Py2 before the precipitation of Urn1, and the inversion of marcasite to pyrite indicates a 

transient drop in pH possibly related to the oxidation of Py2 and the replacement of Py2 by Urn1 

(Goldhaber et al., 1978; Reynolds and Goldhaber, 1983; Murowchick and Barnes, 1986).  

 

 Uraninite ore bodies Uraninite can precipitate through the oxidation of pyrite (Wersin et 

al., 1994; Scott et al., 2007): 

2FeS2 + UO2
2+ +2H2O +7O2 �7  2Fe3+ +4SO4

2- +UO2 +4H+ (5) 

 

Reaction (5) represents the replacement of pyrite by uraninite (UO2) through the oxidation of the 

Fe2+ and S2
2- in pyrite by aqueous UO22+, and the coupled reduction of aqueous UO2

2+ to solid 

UO2. The reduction of aqueous U+6 to insoluble U+4 is the central component of all genetic 

models for sedimentary-hosted uraninite deposits (Kyser and Cuney, 2009). The redox behavior 

of U and the association of pre- and syn-ore pyrite and syn-ore marcasite with uraninite in roll-

front deposits (Goldhaber et al., 1978) makes reaction (5) a likely bulk reaction for the 

precipitation of uraninite. Reaction (5) is consistent with the replacement of euhedral pyrite by 

uraninite in sandstone- and basement-hosted ore bodies. 

 

 Calcium substitutes for U in the uraninite structure. All uraninite analyses have Ca, 

suggesting that Ca substituted for U during mineralization. Silicon is not compatible in the 

uraninite structure, and the presence of Si in uraninite analyses is consistent with coffinitization 

of uraninite (Janeczek and Ewing, 1992). Most uraninite analyses have Si, with Si concentrations 

increasing with successive generations, with the highest Si concentrations in basement-hosted 

uraninite. Coffinite was not observed in BSE imagery, indicating that coffinite replacement, if it 

occurred, is at the sub-micron scale. Coffinitization of uraninite occurs by reaction with fluids 

having a high silica activity (10-3.0-10-3.6) and low Eh (Janeczek and Ewing, 1992). 

 

 The association of galena with high-grade uraninite suggests that the Pb is primarily 

radiogenic. Bulk rock Pb isotope data provided by Cameco for McArthur River supports this 

conclusion, as radiogenic Pb isotopes are more abundant in the ore zone than 204Pb. The large 
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ionic radius of Pb renders it incompatible in the uraninite crystal structure, enhancing diffusion 

of Pb out of uraninite (Janeczek and Ewing, 1995). U-Pb isotope systematics in uraninite show 

significant Pb-loss (Alexandre et al., 2009) resulting from this incompatibility. Galena at the 

Cigar Lake uranium deposit have high radiogenic Pb values (Kaczowka, 2017). The absence of S 

in Pb-bearing sandstone-hosted uraninite indicates that some Pb is retained in the uraninite 

structure. The very low concentrations of Pb in basement-hosted uraninite suggests that Pb-loss 

was intense in the basement, possibly related to coffinitization of uraninite. Samples with the 

lowest concentrations of Pb have high concentrations of Si, supporting coffinitization as a 

potential mechanism for Pb-loss in sandstone- and basement-hosted uraninite. The relatively 

high REE concentration of basement-hosted uraninite compared to sandstone-hosted uraninite 

�F�R�P�S�O�L�F�D�W�H�V���W�K�H���F�R�I�I�L�Q�L�W�L�]�D�W�L�R�Q���L�Q�W�H�U�S�U�H�W�D�W�L�R�Q�����D�V���<���D�Q�G���W�K�H���+�5�(�(�¶�V���D�U�H���U�H�O�H�D�V�H�G���I�U�R�P���Xraninite 

during coffinitization (Janeczek and Ewing, 1992). It is possible that basement-hosted uraninite 

initially had higher REE concentrations than sandstone-hosted uraninite, and despite REE-loss 

during coffinitization, basement-hosted uraninite retained relatively high REE concentrations.  

 

 Fayek and Kyser (1997) propose that alteration of detrital fluorapatite in the Athabasca 

Group to F-poor APS minerals, liberated F into basinal fluids, and that fluoride and phosphate 

complexes were a significant means of transporting U and REE during the precipitation of Urn1. 

�8�U�D�Q�L�X�P���I�O�X�R�U�L�G�H���F�R�P�S�O�H�[�H�V���D�U�H���V�W�D�E�O�H���D�W���D���S�+���������D�Q�G���D���O�R�J���¦O2 < -35 at 200°C (Langmuir, 1978; 

Janeczek and Ewing, 1992), providing an approximate value for the pH and oxygen fugacity in 

uraniferous basinal fluids. The presence of Th in basement-hosted uraninite and its absence in 

sandstone-hosted uraninite suggests that U-Th fractionation occurred as a function of proximity 

to the unconformity. Thorium has a single tetravalent oxidation state and readily substitutes for 

U+4 in uraninite. Unlike U which is easily mobilized by aqueous solutions upon oxidation to U+6, 

Th is not affected by redox processes, and is immobile unless fluoride ions are present (Finch 

and Murakami, 1999; Hazen et al., 2009). Primary uraninite formed from granitic melts have 

Th/U >0.01, uraninite formed by the reduction of aqueous U6+ has significantly lower Th/U 

(Frondel, 1958; Hazen et al., 2009). The highest Th/U value for sandstone-hosted uraninite at 

McArthur River is 0.0005, consistent with reduction of aqueous U6+. For most analyses Th/U 

could not be calculated for sandstone-hosted uraninite as Th concentrations are below the 

detection limit. Basement-hosted uraninite has Th/U values of 0.0003-0.1050; with uraninite 
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from MC-415 803.4 at the low end of this range, and uraninite from MC-415 771.9 at the high 

end of this range.  

 

 The abundance of F-bearing minerals in altered sandstone and basement rocks near the 

unconformity confirms the presence of F in basinal fluids. Mg-sudoite associated with basement-

hosted uraninite in MC-415 771.9 has F concentrations between 1260-2700 ppm, indicating that 

F-bearing fluids were present in the basement during alteration, though likely at much lower 

concentrations than near the unconformity given the absence of other F-bearing minerals. 

Considering the contention of Fayek and Kyser (1997) that U was transported as fluoride 

complexes, and the dependence on aqueous fluoride for Th mobility; it is possible that Th 

remained mobile until the depletion of fluoride during sudoitization of basement rocks caused Th 

to precipitate along with U4+ into basement-hosted uraninite.   

 

 The study of APS minerals at McArthur River by Adlakha and Hattori (2015) describes 

low Th concentrations (100-600 ppm) in APS minerals in the alteration zone near the 

unconformity, and relatively high Th concentrations (1000-2400 ppm) in APS minerals 

associated with the basement-hosted zone 2 ore body. The similar trends in Th concentrations in 

uraninite and APS minerals with respect to the unconformity and basement-hosted ore bodies 

suggests that Th was mobile near the unconformity, and became immobile because of 

progressive fluid-rock interaction associated with ingress of basinal fluids into basement-hosted 

ore zones.  

 

 Core logging shows that chlorite and hematite alteration of the basement along the 

unconformity outside of the P2 fault zone is limited to the uppermost twenty meters. It is 

possible that U was leached from U-bearing minerals in both the sandstone and the uppermost 

basement rock; with the sandstone contributing a larger amount of U given the higher hydraulic 

conductivity and larger reactive volume of sandstone compared the uppermost unfaulted 

basement rock.  
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2.4.3 Genetic Model  

 

 Here we propose a new genetic model for the unconformity-related U deposit at 

McArthur River. The model is generally similar to U roll-front deposits with two key 

differences: The unconformity with Mg- and Ca-bearing metamorphic rocks; and the presence of 

abundant fault-hosted pre-ore pyrite.  

 

 The P2 fault serves as the host for pre-ore fault-hosted pyrite veins and enhanced fluid-

rock interactions between the sandstone and metamorphic basement rocks. Far-field tectonic 

events controlled fluid ingress and egress between the sandstone and basement along the P2 

fault, causing episodic alteration and mineralization events. Abundant fault-hosted pyrite 

provides a spatial and chemical control on redox conditions at the fault-unconformity 

intersection, with fluid-rock ratios decreasing with depth.  

 

 Illitization of feldspar related to the emplacement of pyrite may have introduced alkaline 

earth cations into fluids that dissolved quartz sandstone, producing vugs that euhedral quartz 

subsequently grew in. The high illite and Mg-sudoite content of bleached basement rocks 

suggests that liberation of alkaline earth cations occurred during the alteration of metamorphic 

biotite by basinal fluids. Basinal fluids enriched in alkaline earth cations enhanced quartz 

dissolution in sandstone and metamorphic rocks and making space for massive uraninite ore 

bodies.  

 

 Oxidation of fault-hosted pyrite veins occurred by means of an intermediate thiosulfate 

disproportionation reaction. This increased the reduction potential along the P2 fault-

unconformity intersection and within the basement, leading to the precipitation of euhedral Py2 

and the reduced mineral assemblage. Sulfate and Fe3+ produced during pyrite oxidation was 

incorporated into APS minerals and Fe-sudoite respectively. Euhedral Py2 served as the 

reductant for primary and secondary uraninite mineralization. Further oxidation of Py1 and Py2 

by thiosulfate disproportionation and uranyl reduction liberated H+ causing a decrease in pH and 

the precipitation of marcasite rather than pyrite during uraninite mineralization. It is likely that 
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episodic fluid-flow events repeated pyrite oxidation and U reduction reactions for each 

generation of uraninite.  

 

 
Fig. 2.21 Schematic of the proposed genetic model for uraninite mineralization at McArthur 
River.  
 
2.5 Conclusions 

 
 We present a paragenesis and genetic model that is consistent with petrographic, 

geochemical, and S isotope data. Sulfur-deficient fault-hosted pyrite, replacement by Fe3+-

bearing Fe-sudoite, and depletion in 34S are all consistent with oxidation of pyrite. The 

precipitation of euhedral Py2 is consistent with pyrite oxidation by thiosulfate disproportionation. 

The corrosion of Py2 and replacement by uraninite shows that Py2 generated by thiosulfate 

disproportionation served as the reductant for uraninite mineralization. We show that fluid-rock 

ratios decreased with depth below the unconformity, and that transition metals were likely 
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supplied by oxidized basinal fluids. Our data show that there is no need to invoke unknown 

basement-derived reducing fluids in the genetic model. Fluid-rock interaction between basinal 

fluids and metamorphic basement rocks and fault-hosted pyrite can account for the formation of 

the alteration mineralogy and world-class uraninite ore bodies at McArthur River.  
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Abstract 

 Investigations of S isotope fractionation can elucidate the processes involved in redox 

reactions between sulfide minerals and hydrothermal fluids. The association of syngenetic 

sulfide minerals with uraninite makes S isotope analysis ideal for investigating redox reactions 

during the formation of unconformity-related U deposits. This chapter reviews key observations 

supporting the mineral paragenesis and pyrite oxidation. New multicollector LA-ICP-MS sulfur 

isotope compositions of sulfide minerals are reported. The results have significant implications 

for understanding unequivocally abiotic S isotope fractionation by thiosulfate disproportionation 

in hydrothermal environments, and for the genesis of world-class unconformity-related uranium 

deposits.  

 

Introduction  

 

 The McArthur River uranium mine in the Athabasca Basin, Canada, hosts the largest 

high-grade uranium deposit in the world. McArthur River is an unconformity-related uranium 

deposit, with ore bodies located along the P2 fault zone at the unconformity between 

conglomerate and metamorphic basement rock, and up to 120 m below the unconformity in 

basement rock (Fig. 3.1). In traditional unconformity-related U deposit models, uranium is 

leached from U-bearing minerals in basinal sedimentary rocks or from basement rocks by 

oxidizing meteoric groundwater. This fluid flows through rocks at the unconformity-fault 

intersection where it is reduced, precipitating uraninite (UO2) and forming an ore body. The 

nature of the reductant is debated, with hypotheses invoking reducing basement rock or 

basement-derived reducing fluids. Here we report new multicollector LA-ICP-MS sulfur isotope 
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data from syngenetic sulfide minerals showing a large range of �G34S values. The results have 

significant implications for verifying the occurrence of abiotic S isotope fractionation in 

hydrothermal environments, and for developing a genetic model for world-class unconformity-

related uranium deposits. 

 

 
Fig. 3.1 Geologic map of the McArthur River uranium deposit showing general basement rock 
types, faults, mineralized zones, and the location of drill holes logged and sampled. The P2 fault 
dips to the southeast and is hosted in graphitic rocks. Cross sections are viewed from the 
southwest looking towards the northeast. The P2 fault zone hosts hydrothermal alteration, pyrite 
enrichment, and uranium ore bodies. Cross sections prepared using data provided by Cameco.  
 
 
 Genetic models for unconformity-related and roll-front uranium deposits are based on the 

water solubility of the oxidized uranyl ion (UO2 2+) and insolubility of reduced UO2 (Hoeve and 

Sibbald, 1978). Uranium is leached from U-bearing minerals in basinal sedimentary rocks or 

from basement rocks by oxidizing meteoric basinal fluids. The uraniferous fluid flows through 

rocks at the unconformity-fault intersection and interacts with a reductant, precipitating uraninite 

(UO2) from solution and forming an ore body (Hoeve and Sibbald, 1978). The nature of the 

reductant is unknown (Mercadier et al., 2010; Adlakha and Hattori, 2015), with hypotheses 

invoking reducing basement rock or basement-derived reducing fluids (Hoeve and Sibbald, 

1978; Wilson and Kyser, 1987). Here we propose a new genetic model for the formation of 

unconformity-related uranium deposits, and present new sulfur isotope data that supports pyrite 

playing a key role in deposit formation. 
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 In some uranium roll-front deposits, sulfide-oxidizing bacteria oxidize pre-ore pyrite 

producing aqueous sulfate. The sulfate is transported into reduced rocks where sulfate-reducing 

bacteria associated with organic material or abiotic processes produce the sulfide that ultimately 

reduces uranium and forms an ore body (Granger et al, 1969; Goldhaber et al., 1978). These 

authors contend that abiotic sulfate-sulfide redox reactions occur in U roll-front deposits, but 

they cannot definitively rule out biological mechanisms given the shallow low-temperature 

environment. Extreme S isotope fractionation has been observed in sulfide minerals at the Dry 

Creek VMS deposit in Alaska, however this fractionation was produced by bacterial sulfate 

reduction and occurred below 100°C (Slack et al., 2019). The estimated temperature during the 

formation of unconformity-related uranium deposits in the Athabasca Basin is 180-230°C (Pagel 

et al, 1980). The maximum survivable temperature for hyperthermophilic bacteria is 121°C 

(Kashefi and Lovely, 2003; Takai et al., 2008), well below the temperature during ore formation 

at McArthur River, therefore bacterially facilitated S fractionation can be eliminated as a 

possibility in syngenetic minerals at McArthur River.  

 

 Investigations of sulfur isotope fractionation in S-bearing minerals over the paragenesis 

of a deposit can be used constrain relative temporal changes in temperature, pH, and oxygen 

fugacity of ore-forming systems(Ohmoto, 1972; Goldhaber et al., 1978; Ohmoto and Lasaga, 

1982). The importance of redox reactions in the formation of unconformity-related U deposits, 

makes S isotope analysis invaluable for understanding the variations in redox conditions 

responsible for precipitation and remobilization of uraninite ore.       

 

3.1 Methods 

  

 In situ measurements of the sulfur isotopic composition of sulfide and sulfarsenide 

minerals were conducted at the U.S. Geological Survey in Denver, Colorado, using a Nu 

Instruments laser ablation-multicollector-inductively coupled plasma-mass spectrometer (MC-

LA-ICP-MS). A detailed description of the analytical protocol is given by Pribil et al. (2015).  
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 To monitor for instrumental drift of the MC-LA-ICP-MS, an in-house ZnS glass 

reference material was analyzed after each batch of three unknown samples. The �G34Ssulfide 

isotopic composition for this in-house reference material was previously established at the U.S. 

Stable Isotope Laboratory using conventional isotopic analysis employing a Delta Plus XP 

Thermofinnigan continuous flow isotopic ratio mass spectrometer with an attached CE Elantech 

Flash2000 elemental analyzer that was operated at 1,030°C under continuous He flow following 

the procedures of Giesemann et al. (1994) and Carmody et al. (1998). The isotopic composition 

of the in-house reference material (�G34Ssulfide = 0.78�Å) was additionally tested against NIST RM 

8554 (IAEA S-1) by MC- LA-ICP-MS for homogeneity. Three NIST reference materials (RM 

8556, RM 8529, and RM 8554), together with a set of previously characterized pyrite materials, 

were then analyzed by MC- LA-ICP-MS to construct the �G34Ssulfide calibration curve. 

 

 Ablation of the sulfide minerals was conducted using a New Wave Research UP 213 nm 

Nd:YAG solid state laser. Spot sizes of ~15 to 30 �Pm were used. The laser energy ranged from 

1.5 to 2.5 J/cm2. The ablated sample material was carried to the mass spectrometer through a gas 

mixing chamber using ultra-high purity He with a flow rate of 0.77 ml/min and a make-up Ar gas 

flow rate of 0.90 ml/min. Repeated analysis of reference materials shows that the instrumental 

precision was ±0.35�Å (2�V). In total, 195 spots on 11 representative samples were analyzed 

(Table 1). All analyses were normalized to the Vienna Cãnon Diablo Troilite (VCDT) standard. 

 

3.2 Mineral Paragenesis and Proposed Genetic Model 

 

 Optical microscopy, SEM and EMP analysis, and CL imaging were used to identify the 

paragenetic relationships summarized in Figure 3.2, and develop a hypothetical genetic model 

for the McArthur River uranium deposit. The general paragenetic trend in metamorphic rocks 

and the sandstone consists of pre-oxidation minerals, an oxidized mineral assemblage, followed 

by a reduced mineral assemblage including uraninite, and late carbonate-phosphate alteration. 

Figure 3.3 shows the evidence for corrosion of fault-hosted pyrite (Py1) and replacement with 

Fe-sudoite, the corrosion of euhedral pyrite (Py2) its replacement by uraninite (Urn1-3), the 

association of marcasite (Mrc1) with primary uraninite (Urn1), and the association of 

hydrocarbon buttons (HCB) with a second generation of marcasite (Mrc2). 
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 Based on this paragenesis, we propose the following genetic model for the formation of 

the unconformity-related U deposit at McArthur River. The P2 fault served as the host for pre-

ore fault-hosted pyrite veins and enhanced fluid-rock interactions between the sandstone and 

metamorphic basement rocks. Far-field tectonic events controlled fluid ingress and egress 

between the sandstone and basement along the P2 fault, causing episodic alteration and 

mineralization events. Abundant fault-hosted pyrite provides a spatial and chemical control on 

redox conditions at the fault-unconformity intersection, with fluid-rock ratios decreasing with 

depth along the fault. Oxidation of fault-hosted pyrite veins likely occurred by thiosulfate 

disproportionation. This is consistent with the precipitation of euhedral Py2 following the 

oxidation of Py1. Sulfate and Fe3+ produced during pyrite oxidation was incorporated into sulfate 

minerals and Fe-sudoite respectively. Euhedral Py2 served as the reductant for uraninite 

mineralization. Further oxidation of Py1 and Py2 by thiosulfate disproportionation and uranyl 

reduction liberated H+ causing a decrease in pH and the precipitation of marcasite during 

uraninite mineralization. It is likely that episodic fluid-flow events repeated pyrite oxidation and 

U reduction reactions for each generation of uraninite. The S isotope investigations presented 

here aim to test the validity of this genetic model. 

 
3.3 Sulfur Isotope Fractionation 

 Figure 3.4 presents �G34S for fault-hosted pyrite and sulfide minerals in the reduced 

mineral assemblage. The dataset presented in Figure 3.4 is provided in Appendix 1 supplemental 

electronic file: McArthur_River_S_isotope_data.xlsx. Unaltered fault-hosted Py1 veins have �G34S 

values ranging from 0-10 �Å�����)�D�X�O�W-hosted Py1 veins that are corroded and replaced by Fe-sudoite 

have two sets of �G34S values, one set ranges from -21.6 to -34.8�Å�����D�Q�G���W�K�H���R�W�K�H�U���V�H�W���U�D�Q�J�H�V���I�U�R�P��

���������W�R�����������Å�����,�Q���V�D�P�S�O�H���0�&-411-1 660.5 the negative values are exclusively within the corroded 

pyrite vein and the positive values are exclusively within an overgrowth of euhedral pyrite that 

occurred after corrosion of the Py1 vein.  
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Fig. 3.2 Paragenetic sequence of alteration minerals at McArthur River U deposit. 
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Fig. 3.3. Petrography of sulfur-bearing minerals at McArthur River. A. Reflected light image of 
sample MC 410-2 658.1 showing unaltered pyrite veins (Py1), associated illitization, 
metamorphic rutile inclusions in Py1, and absence of sudoite alteration. B. BSE image of sample 
MC-411 632.0 showing Fe-sudoite replacing Py1. C. BSE image of sample MC-411-1 660.5 
showing Fe-sudoite (Fe-sud1) replacing recrystallized Py1, and overgrowth of euhedral Py2 on 
Py1. D. Reflected light image of sample MC-408 617.2 showing Urn1 and Fe-sud2 replacing 
euhedral Py2, Urn1 rimming Urn2, and Urn2 with chalcopyrite embayed into Urn2. E. Reflected 
light image of sample MC-410-1 611.5 with complete replacement of all pre-ore minerals by 
Urn1. Mrc1 occurs filling vugs in Urn1, and as inclusions the outer zones of Urn1. F. Reflected 
light image of sample MC-408 615.5 showing association between Mrc2 and HCB. 
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Fig. 3.4. Plot of �G34S �Å��values for fault-hosted Py1 and minerals from the reduced mineral 
assemblage at McArthur River uranium mine. The paragenetic sequence is arranged from top to 
bottom, with fault-hosted pyrite (Py1) arranged by decreasing depth from the surface. Sudoitized 
fault-hosted pyrite veins (MC-411-1 660.5 m and MC-410-1 598.2 m) have a set of variably 
positive �G34S values, and a set of �G34S values less than -20�Å.  
 
 
 Euhedral Py2 associated with sandstone- and basement-hosted uraninite have �G34S that 

cluster between 5.62 and 9.10�Å�����0�D�U�F�D�V�L�W�H�����0�U�F1) associated with sandstone-hosted Urn1 has 

slightly more positive �G34S than Py2 ranging from 8.55 to 14.53�Å�����$�Q�D�O�\�V�H�V���R�I���V�D�Q�G�V�W�R�Q�H-hosted 

hydrocarbon buttons (HCB) by EDS indicate the presence of S, however given the amorphous 

nature of HCB it is unknown in what form S occurs in HCB. Two S isotope analyses were 

acquired for HCB and have �G34S of 16.17 and 16.34�Å. Cobaltite associated with sandstone-

hosted uraninite have �G34S that range from -0.41 to 9.70�Å. The second generation of sandstone-

hosted marcasite (Mrc2) has strong Cu zonation, unlike Mrc1, and has a broad range of �G34S from 

-11.91 to 30.60�Å�����Q�H�J�D�W�L�Y�H���G34S corresponds to Cu-rich zones, and positive �G34S to Cu-poor 

zones. Chalcopyrite that typically occurs as a replacement of Py1-2 and Mrc2 have �G34S that range 

from -2.15 to 4.95�Å�����8�Q�D�O�W�H�U�H�G���I�D�X�O�W-hosted Py1 has near stoichiometric S/Fe values of ~2.0 

whereas Fe-sudoite altered Py1 is S deficient (Fig. 5). 
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Fig. 3.5 Box plot of S/Fe ratios determined by electron microprobe analysis of fault-hosted 
pyrite.  
 
 

3.4 Implications for the Genetic Model 

 

 Pyrite oxidation by hydrothermal fluids is a multi-step reaction summarized by the 

following reactions (Granger and Warren, 1969; Goldhaber et al., 1978; Taylor et al., 1984; Scott 

et al., 2007; Chandra and Gerson, 2010)-7, 15-17: 

FeS2 +7/2O2 +H2O �7  Fe2+ +2SO4
2- +2H+ (1) 

 

Fe2+ +1/4O2 +H+ �7  Fe3+ + 1/2H2O (2) 

 

FeS2 + 14Fe3+ +8H2O �7  15Fe2+ +2SO4
2- + 16H+ (3) 
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In reaction (1) S22- in pyrite (FeS2) is oxidized to SO42- by O and Fe remains reduced. In reaction 

(2) the Fe2+ resulting from reaction (1) is oxidized by O to Fe3+. Reaction (3) utilizes the Fe3+ 

produced in reaction (2) in addition to O derived from H2O to further oxidize the S22- in pyrite to 

SO4
2-. In total seven electrons are transferred from to S2

2-, to 2SO4
2-. Taylor et al.15 note the low 

probability of more than two electrons being transferred during a single redox reaction. This 

implies reactions involving sulfur in intermediate oxidation sates. Granger and Warren (1969), 

Goldhaber et al (1978), and Uyama et al. (1985) propose thiosulfate disproportionation as a key 

intermediary reaction in pyrite oxidation in uranium roll-front deposits: 

Fe2+ +2S2O3
2- +H2O �7  FeS2 + HSO3

- + SO4
2- + H+ (4) 

Reaction (4) is an intermediate step within reactions (1) and (3), and shows that oxidation of 

FeS2 can produce a second generation of FeS2, and a decrease in pH (Chandra and Gerson); if the 

pH drops below ~5.0 then marcasite will precipitate instead of pyrite (Granger and Warren, 

1969; Goldhaber et al., 1978; Reynolds and Goldhaber, 1983; Murowchick and Barnes, 1986). 

Granger and Warren (1969) note that reactions producing SO4
2- from FeS2 are irreversible, 

rendering SO42- an inert oxidizing agent. Consequently, when FeS2 is oxidized by a limited 

amount of O, the reduction potential of the system increases.  

 

 Abiotic S isotope fractionation is mediated by inorganic chemical reactions between S 

species of variable oxidation states (Granger and Warren, 1969; Uyama et al., 1985). Ohmoto 

(1972) determined that temperature, pH, oxygen fugacity, ionic strength, amount of sulfur, and 

initial S isotopic composition are the most significant controls S isotope fractionation between S-

bearing minerals and hydrothermal fluids. Abiotic sulfide-sulfate redox reactions can cause small 

to significant fractionation of S isotopes depending on the extent and type of redox reaction 

(Uyama et al., 1985; Rye et al., 1992).   

 

 Kinetic effects on isotope fractionation from thiosulfate disproportionation account for ~ 

�����Å���I�U�D�F�W�L�R�Q�D�W�L�R�Q���E�H�W�Z�H�H�Q���S�U�L�P�D�U�\���D�Q�G���V�H�F�R�Q�G�D�U�\���V�X�O�I�L�G�Hs (Uyama et al., 1985). Large negative 

�G34S fractionation occurs when the extent thiosulfate disproportionation is small, with the �G34S 

values of secondary sulfide minerals trending towards those of primary sulfide minerals with 

increasing thiosulfate disproportionation. Goldhaber et al. (1978) reported isotope fractionations 
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�R�Y�H�U�������Å���E�H�W�Z�H�H�Q���S�U�L�P�D�U�\���D�Q�G���V�H�F�R�Q�G�D�U�\���V�X�O�I�L�G�H���P�L�Q�H�U�D�O�V���I�U�R�P���W�K�H���%�H�Q�D�Y�L�G�H�V���8���U�R�O�O-front 

deposit in south Texas. Uyama et al. (1985) contend that such large isotopic fractionations occur 

when intramolecular isotopic exchange reactions in the sulfide-thiosulfate-sulfate system reach 

equilibrium. The sulfide-thiosulfate-sulfate isotopic exchange reactions described by Ohmoto 

and Lasaga (1982) are: 

H32SO4
- + H2

34S + H+ /°  H2
34S-32SO3 + H2O (5) 

 

H2O + H2
34S-32SO3 �7  H2

32S-34SO3 (6) 

 

H2O + H2
32S-34SO3 /°  H+ + H2

32S + H34SO4
- (7) 

 

Pyrite oxidation by thiosulfate disproportionation is consistent with several key features of the 

paragenesis: (1) The corrosion of Py1 and precipitation of Py2 are consistent with a second 

generation of pyrite forming as a product of thiosulfate disproportionation. (2) Precipitation of 

marcasite with Urn1 is consistent with a drop in pH (Murowchick and Barnes, 1986) resulting 

from thiosulfate disproportionation during the oxidation of Py2 and its replacement by Fe-sud1-2 

and Urn1. (3) The paragenetic trend from an oxidized mineral assemblage to a reduced mineral 

assemblage is consistent with the establishment of reducing conditions during the oxidation of 

pyrite by thiosulfate disproportionation. Sulfur isotope analysis of corroded fault-hosted Py1 

associated with Fe-sudoite have �G34S values of approximately -20 to -35�Å���V�X�S�S�R�U�W�L�Q�J���W�K�H��

oxidation of pyrite by thiosulfate disproportionation (Goldhaber et al., 1978; Uyama et al., 1985).   

 

 The large positive �G34S values of Mrc2 (i.e. greater than the range of ~0-10�Å���I�R�X�Q�G���L�Q��

fault-hosted Py1) are typical of sulfide minerals formed through thermochemical sulfate 

reduction (TSR) (Seal, 1992). TSR abiotically reduces sulfate by the following reaction (Yuan et 

al., 2013): 

 

SO4
2- +2H+ +CH4 �7  CO2 +H2S +2H2O (8) 
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TSR occurs at temperatures between 125-250 ºC (Seal, 1992; Yuan et al, 2013) with the reaction 

rate increasing in the presence of H2S as a catalyst (Zhang et al., 2008). Of the samples collected, 

Mrc2 is exclusive to samples with HCB, suggesting that TSR is the mechanism for precipitating 

marcasite with �G34S values of 11.47-30.60�Å�����.�\�V�H�U���H�W���D�O. (1989) propose that HCB are formed 

when H2 generated during radiolysis of water reduces graphite to CH4 which then polymerizes 

and condenses onto clay minerals as HCB. This mechanism for forming HCB is consistent with 

their occurrence in the paragenesis after the precipitation of Urn1. We propose that H2S 

generated during oxidation of fault-hosted Py1 and euhedral Py2 by thiosulfate disproportionation 

catalyzed TSR of basinal SO4
2- by CH4. The formation of marcasite requires a pH <5, low 

enough to inhibit the precipitation of carbonate minerals (Druckenmiller and Maroto-Valer, 

2005) commonly produced by TSR reactions (Rye et al., 1992).  

 

 Uraninite can precipitate through the oxidation of pyrite (Wersin et al., 1994; Scott et al. 

2007): 

2FeS2 + UO2
2+ +2H2O +7O2 �7  2Fe3+ +4SO4

2- +UO2 +4H+ (9) 

 

Reaction (9) represents the replacement of pyrite by uraninite (UO2) through the oxidation of the 

Fe2+ and S2
2- in pyrite by aqueous UO22+, and the coupled reduction of aqueous UO2

2+ to solid 

UO2. Reaction (9) is consistent with the replacement of euhedral pyrite by uraninite in 

sandstone- and basement-hosted ore bodies. 

 

 The sulfur deficiency, and Fe-sudoite replacement of corroded Py1 are all consistent with 

oxidation of pyrite (Wersin et al., 1994). These observations combined with the paragenetic trend 

in abiotic S isotope fractionation provide strong evidence for the key role pyrite plays in the 

formation of world-class unconformity-related U deposits such as McArthur River. 

 
3.5 Conclusions 

 

 The paragenesis and sulfur isotope data reported above are consistent with the 

precipitation of euhedral Py2 as a product of the oxidation of Py1 by thiosulfate 

disproportionation. The precipitation of Mrc1 with Urn1 was caused by a decrease in pH resulting 
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from oxidation of Py2 during ore formation. Mrc2 formed by TSR of basinal SO4
2- catalyzed by 

H2S produced during thiosulfate disproportionation of Py1-2 and CH4 generated by radiolytic H2 

alteration of graphite. We have described key reaction mechanisms that are consistent with 

paragenetic observations, and support the hypothesis that a single basin-derived fluid interacting 

with fault-hosted pyrite can account for the establishment of reducing conditions at the 

unconformity and the formation of world-class U ore bodies. This study also confirms the 

occurrence of unequivocally abiotic reactions that produce large �G34S fractionation in natural 

hydrothermal environments.  
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Abstract 

 The Fox Lake uranium deposit is a complex-type unconformity-related uranium deposit 

in the eastern Athabasca Basin, Canada. The mineralization is located along the C-10 fault zone 

at the unconformity between the basal conglomerate of the Manitou Falls Formation and 

metamorphic basement rock.  

 

 This study included extensive drill core logging to study sulfide occurrence and 

hydrothermal alteration within the C-10 fault zone surrounding intersections with high-grade 

uranium mineralization. In addition to core logging, systematic sampling was performed. Bulk 

major and trace element geochemical and XRD analyses were performed to complement core 

logging. Thin sections were studied by optical and scanning electron microscopy, and electron 

microprobe analysis to establish the paragenesis. The present study is the first scientific 

investigation of the Fox Lake deposit, and summarizes key findings that constrain the 

paragenesis and alteration mineralogy of sandstone and metamorphic basement rocks. The 

research shows that the large amount of pyrite occurring in sandstone above the C-10 fault, and 

remnants of Fe-vaesite immediately below the unconformity formed prior to uranium 

mineralization, and were subsequently oxidized and replaced by Fe-sudoite. The evidence 

suggests that the reaction of oxidized basinal brine with pre-ore sulfides resulted in the reduction 

of the basinal brine, facilitating U precipitation. It is proposed here that this process is ultimately 

responsible for deposit formation. 
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Introduction 

 

 The Fox Lake uranium deposit is an unconformity-related uranium deposit in the eastern 

Athabasca Basin, Canada. Ore bodies are located along the C-10 fault zone at the unconformity 

between the basal conglomerate of the Manitou Falls Formation and metamorphic basement 

rock. Fox Lake has inferred resources of 386,700 tons with an average grade of 7.99% U3O8 

equivalent (Cameco, 2015).  

 

 Genetic models for unconformity-related uranium deposits are based on the water 

solubility of the oxidized uranyl ion (UO2 2+) and insolubility of reduced UO2. Uranium is 

leached from U-bearing detrital minerals in basinal sedimentary rocks, or from uranium-bearing 

minerals in the metamorphic basement by oxidizing meteoric groundwater. The uraniferous 

water flows through rocks at the unconformity and interacts with a reductant, precipitating 

uraninite (UO2) from solution and forming an ore body (Hoeve and Sibbald, 1978). The nature of 

the reductant is unknown (Mercadier et al., 2010; Adlakha and Hattori, 2015), with hypotheses 

invoking reducing basement rock (Hoeve and Sibbald, 1978) or basement-derived reducing 

fluids (Wilson and Kyser, 1987). 

 

 This study included extensive drill core logging to study sulfide occurrence and 

hydrothermal alteration within the C-10 fault zone surrounding intersections with high-grade 

uranium ore bodies. In addition to core logging, systematic sampling was performed. Bulk major 

and trace element geochemical and XRD analyses were performed to complement core logging. 

Thin sections were studied by optical and scanning electron microscopy, and electron 

microprobe analysis to establish the paragenesis. The present study is the first scientific 

investigation of the Fox Lake U deposit, and summarizes key findings that constrain the 

paragenesis and alteration mineralogy of sandstone and metamorphic basement rocks. The 

research shows that the large amount of pyrite occurring in sandstone above the C-10 fault, and 

remnants of Fe-vaesite immediately below the unconformity formed prior to mineralization, and 

were subsequently oxidized and replaced by Fe-sudoite. The petrographic evidence suggests that 

this reaction with pre-ore sulfides resulted in the reduction of basinal fluids, facilitating U 

precipitation. It is proposed here that this process is ultimately responsible for deposit formation. 
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4.1 Geological Background 

 
4.1.1 Athabasca Basin 

 The Athabasca Basin is located in northern Saskatchewan, Canada (Fig. 4.1). The basin is 

Paleoproterozoic in age, with a maximum age of ca. 1700-1750 Ma, coeval with the post-

orogenic uplift of the ca. 1800 Ma Trans-Hudson orogen to the east (Annesley et al., 2005). The 

1900 Ma Talston orogen is located to the northwest of the Athabasca Basin. The basin is divided 

into three sub-basins that trend NE-SW, and overlies the NE-SW striking suture between the 

Hearn and Rae tectonic provinces. The highest-grade uranium deposits, including McArthur 

River, are located at the transition between the Mudjatik and Wollaston Domains of the Hearne 

tectonic province (Kyser and Cuney, 2009). 

 

 Estimates of basin depth during late diagenesis and pre-ore alteration have been obtained 

by fluid inclusion analysis of euhedral quartz veins and overgrowths in sandstone near the 

unconformity by Pagel et al. (1980) and Derome et al. (2005). Pagel et al. (1980) reported a 

minimum pressure of entrapment of ~700 bars at 160° C obtained using the homogenization 

temperature and the temperature of dissolution of halite for liquid+vapor+halite fluid inclusions. 

Derome et al. (2005) utilized homogenization temperature data and estimates of likely thermal 

gradients to derive a range of entrapment temperatures and pressures between 190-235°C and 

1200-1400 bars. Assuming the sedimentary overburden has a density of 2.5 g/cm3, the pressure 

estimates of Derome et al. (2005) translate to basin depths of 4-5 km. 

 

 Derome et al. (2005) investigated the compositions of fluid inclusions in quartz 

overgrowths on detrital quartz and euhedral quartz veins. They identified an early NaCl-rich 

fluid, interpreted as a primary formation fluid derived from evaporite beds; and a later Ca-

MgCl2-rich fluid produced by interaction of the NaCl-rich fluid with metamorphic basement 

rock. 
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Fig. 4.1 Geologic map of the Athabasca Basin with locations of terranes, major structures, and 
uranium deposits (after Slimmon and Pana, 2010). MF=Manitou Falls Formation, LZ=Lazenby 
Lake Formation, W=Wolverine Point Formation, LL=Locker Lake Formation, O=Otherside 
Formation, and FP=Fairpoint Formation. 
 
 Sedimentary Rocks The Athabasca Basin is filled with sedimentary rocks of the 

Athabasca Group (Alexandre et al., 2006; Hiatt and Kyser, 2007). The Manitou Falls Formation 

comprises the lowermost portion of the Athabasca Group, and is the only formation in the 

Athabasca Group that occurs at Fox Lake in present times. The Manitou Falls Formation is 

composed of a basal quartz-pebble to quartz-cobble conglomerate, overlain by mature quartz 

sandstone with sparse thin beds of quartz pebbles. The source rocks of the lower Manitou Falls 

Formation are believed to be paleo-topographic highs composed of basement rock, represented 

by basal conglomerate rocks, and successively more distal granitoid rocks derived from the east 

represented by mature quartz sandstone. Formation of the Athabasca Basin occurred ca. 1680-

1750 Ma (Annesley et al., 2005). 

 
 The basal conglomerate of the Manitou Falls Formation is variably hematized, indicating 

that oxidizing fluids once flowed through the permeable lowermost part of the basin fill. Detrital 
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zircon, monazite, and fluorapatite are common within quartz grains, but are rarely found in 

interstices between quartz grains, suggesting dissolution of these uranium-bearing minerals by 

basinal fluids. Dissolution of these U-bearing minerals by oxidizing basinal brines is considered 

the most likely source for uranium in unconformity-related deposits (Fayek and Kyser, 1997; 

Kyser and Cuney, 2009). 

 
 Basement Rocks The Wollaston Domain is a fold thrust belt fault bounded to the west by 

the Mudjatik Domain (Annesley et al., 2005; Alexandre et al., 2007; Mercadier et al., 2010). The 

largest uranium deposits in the Athabasca Basin, including McArthur River, Cigar Lake, and Fox 

Lake, occur at the transition between these domains. The Wollaston Domain comprises 

amphibolite to lower granulite facies pelitic and almandine-bearing calcsilicate gneisses, 

anatectic pegmatite, and quartzite that reached peak metamorphism P-T conditions of 

approximately 800 °C and 800 MPa ca. 1800-1840 Ma during the Trans-Hudson Orogeny. 

Unroofing of the basement initiated ca. 1814 Ma, and reached 500-550°C and 200-250 MPa ca. 

1720 Ma (Annesley et al., 2005; Mercadier et al., 2010). The pelitic rocks contain weakly to 

strongly graphitic units that serve as the primary host for ore-related faults. Wollaston Domain 

metasedimentary rocks are unconformably underlain by Archean granitoid gneiss. The Fox Lake 

and Cigar Lake deposits are associated with intensely altered mylonitic zones. 

 

 Carbon isotope investigations of graphite and hydrocarbon buttons at the Key Lake 

uranium deposit by Kyser et al. (1989) show no significant isotopic fractionation, leading to the 

contention that graphite did not play a major role is reduction of uranium, but rather served as a 

structural control on the location of faults that focused fluid flow. 

 

4.1.2 Comparison of Ore Bodies at Fox Lake With Those at Cigar Lake and McArthur 

River 

 The Cigar Lake unconformity-related uranium deposit is considered an analog to the Fox 

Lake deposit. Similarities between Fox Lake and Cigar Lake (Bruneton, 1987), and key 

differences with the McArthur River deposit are considered below. 
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 The Fox Lake uranium deposit is in the eastern Athabasca Basin, approximately 10 km 

due west of McArthur River (Fig. 4.1). The location of the deposit is controlled by the 

intersection of the east-west trending C-10 strike-slip fault and the unconformity between the 

Manitou Falls a member of the Athabasca Group, and pelitic metamorphic basement rock (Fig. 

4.2). In the eastern Athabasca basin the northeast trending faults typically show post-Athabasca 

dip-slip reverse displacement (e.g. McArthur River) and the generally E-W (e.g. Cigar Lake) and 

ENE (e.g. C-10) faults appear to indicate post-Athabasca strike-slip displacement. The key 

features of the strike-slip model for Fox Lake and Cigar Lake are the E-W orientation, the lack of 

post-Athabasca vertical offset at the unconformity, other than a positive flower structure, the 

limited depth extent of the mineralization, and the polymetallic mineralization. The Fox Lake 

and Cigar Lake deposits are both associated with intensely altered mylonitic zones in the 

basement. Mylonite at Fox Lake is silicified unlike at Cigar Lake. The McArthur River deposit is 

not associated with mylonite. 

 

 Unconformity-related uranium ore bodies in the Athabasca Basin are classified as either 

simple or complex based on their mineralogy (Fayek and Kyser, 1997; Kyser and Cuney, 2009). 

Simple ore bodies are generally greater than 50 m below the unconformity in the basement, and 

consist of relatively pure uraninite, whereas complex ore bodies are sandstone-hosted and 

contain sulfide and Co-Ni sulfarsenide minerals in addition to uraninite. Ore bodies at Fox Lake 

and Cigar Lake are of the complex type, and both deposits have perched uranium lenses greater 

than 100 m above the unconformity (Bruneton, 1987). McArthur River has sandstone and 

basement-hosted ore bodies both of the simple type, and no perched uranium.  

 
4.1.3 Paragenesis 

 Previous workers have developed paragenetic sequences for uranium deposits in the 

Athabasca Group and basement rocks for the Athabasca Basin (Kotzer and Kyser, 1995; Fayek 

and Kyser, 1997; Alexandre et al., 2007; Kyser and Cuney, 2009; Ng et al., 2013), and for 

McArthur River specifically (Derome et al., 2005). Alteration events common to previous 

parageneses include: 1) late diagenetic quartz overgrowths with hematite on detrital quartz clasts; 

2) pre-ore hydrothermal alteration dominated by illitization of feldspar beginning ca. 1670 Ma; 

3) primary uraninite ore formation ca. 1590 Ma, accompanied by sulfide and Co-Ni sulfarsenide 
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minerals; and 4) post-ore alteration events typified by carbonate minerals and low-temperature 

remobilization and subsequent precipitation of secondary uranium minerals. 

 
4.2 Methods 

 

4.2.1 Core Logging and Sampling 

 

 Field work performed at Fox Lake consisted of drill core logging and the collection of 

representative samples for laboratory investigations. Drill holes REA-165, REA-165-1, and 

REA-165-3 were logged from the sandstone above the unconformity, through the ore body, 

chlorite breccia below the ore body, the C-10 fault zone, altered rock below the C-10 fault, and 

fresh rock deeper in the basement (Fig. 4.2). A perched uranium deposit ~120 m above the 

unconformity was logged over a 15 meter interval REA-165. Quartz pebble conglomerate above 

the unconformity and chlorite breccia immediately below the unconformity were logged over a 

35 m interval in drill hole REA-144. 

 

 Core logging consisted of identifying major minerals, describing rock type and fabric, 

noting alteration styles and bleaching with their relative intensity, and measuring depths of fault 

zones. Representative samples of altered and unaltered sedimentary and basement rock were 

collected. Emphasis was placed on selecting fresh, altered, ore-bearing, and sulfide-bearing 

samples for petrographic, XRD, and trace element investigations. All samples were labelled 

using the drill hole identification and depth interval. 

 
4.2.2 Whole Rock Compositional Analysis 

 

 Cameco provided existing geochemical analyses for fifty-eight major and trace elements 

for each drill hole logged. SRC Geoanalytical Laboratories performed the bulk compositional 

analyses. 

 

 Major and trace element concentrations in basement and sandstone samples were 

determined by inductively coupled plasma-mass spectrometry (ICP-MS). Partial digestion of an 



 93 

aliquot of pulped sample in an ultra-pure mixture of nitric and hydrochloric acids in a hot water 

bath, followed by dilution in deionized water, was used for the analysis of As, Ge, Hg, Sb, Se, 

and Te. Total digestion of an aliquot of pulped sample in a concentrated mixture of ultra-pure 

hydrofluoric, nitric, and perchloric acids was used for ICP-MS on the remainder of the elements 

analyzed. 

 

 Carbon and sulfur concentrations were determined by combusting an aliquot of pulped 

sample in a LECO induction furnace with an oxygen supply. The percentage of carbon and sulfur 

were determined from the instrument calibration. Inorganic carbon content was determined by 

combustion of an aliquot of pulped sample in a LECO induction furnace with an argon supply. 

Organic carbon content was determined by subtracting the inorganic carbon content from the 

total carbon content. 

 

 Boron concentrations were determined by fusing an aliquot of pulped sample in a mixture 

of NaO2 and NaCO3, dissolving the fused melt in deionized water, and analyzing the sample 

solution by ICP-OES. 

 

4.2.3 Optical Petrography and SEM Investigations 

 

 One-hundred-thirty polished thin sections of core samples were prepared for petrographic 

and microanalytical analysis. The samples examined represent uraninite ore, sandstone proximal 

to the ore bodies, and basement rocks within and surrounding the C-10 fault zone. Reflected and 

transmitted light petrography was used to identify and describe sulfide mineral morphologies, 

identify optically discernible zonation in sulfide minerals, select regions of interest for further 

microanalytical studies, and to establish the mineral paragenesis.  

 

 Back-scattered electron imaging and energy dispersive X-ray spectroscopy (EDXS) were 

performed on a Tescan MIRA3 field emission scanning electron microscope with a Bruker 

XFlash 6130 energy dispersive X-ray spectrometer. BSE imaging and X-ray spectroscopy were 

performed with an accelerating voltages of 15 kV, a beam diameter of 5.0 nm, and a working 

distance of 10.0 mm.  
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Fig. 4.2 Map of basement geology at the unconformity, and cross-sections showing the locations 
of the drill cores logged.  
 
 

 BSE imaging was used to identify compositional variations between different types of 

sulfide and uranium minerals, and compositional zonation within pyrite grains and veins. These 

data were used to refine optically determined paragenetic relationships, and to select samples for 

electron microprobe analysis. Mineral abbreviations used in petrography figures and parageneses 

are from Whitney and Evans (2010). 



 95 

 

4.2.4 Cathodoluminescence Investigations 

 Optical cathodoluminescence (CL) imaging was performed on samples containing 

hydrothermal fluorapatite, hydrothermal quartz, and quartz sandstone-hosted uraninite to identify 

CL-active compositional zonation in quartz and fluorapatite, distinguish hydrothermal from 

metamorphic quartz, and to evaluate the amount radiation damage in detrital quartz associated 

with uraninite. 

 

 A HC5-LM hot cathode CL microscope by Lumic Special Microscopes, Germany, was 

used, permitting examination of thin sections under electron bombardment in a modified 

Olympus BXFM-S optical microscope. The microscope was operated at an accelerating voltage 

of 14 kV with a current density of ~10 µA mm-2 (Neuser, 1995). CL images were captured using 

a high sensitivity, double-stage Peltier cooled Kappa DX40C CCD camera, acquisition times 

ranged from 8 to 10 seconds. 

 

4.2.5 Electron Microprobe Analysis 

 Quantitative chlorite compositions were acquired with a JXA-8230 Electron Probe 

Microanalyzer at the University of Colorado, Boulder , using a 2 µm spot size, 15 kV 

accelerating voltage, and a beam current of 10 nA. Spots were chosen to avoid cracks, porosity, 

and compositional heterogeneities ~2 times the size of the interaction volume. Compositions 

were obtained for chlorite associated with uraninite immediately above and below the 

unconformity, chlorite breccia below the unconformity, the C-10 fault zone, the C-10 alteration 

zone, and rock below the C-10 alteration zone. K�Ù X-ray lines were measured for Si, Al, Mg, Fe, 

K, Ti, V, Cr, Mn, Zn, F, and Cl. The following Astimex Minerals standards were used: Albite 

(Si), labradorite (Al), diopside (Mg), almandine NY (Fe), orthoclase (K), rutile (Ti), chromite 

(Cr), rhodonite (Mn), sphalerite (Zn), topaz (F), and tugtupite (Cl). An Astimex metals standard 

was used for V. Matrix corrections were calculated using the CalcZAF software. 

 

 Quantitative sulfide and sulfarsenide mineral compositions were acquired with a JEOL 

8900 electron probe microanalyzer at the U.S. Geological Survey, Denver, CO., using a 1 µm 

spot size, 20 kV accelerating voltage, and a bean current of 20 nA. K�Ù X-ray lines were 
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measured for Fe, Cu, Ni, Co, and S. L�Ù lines were measured for As and Mo. The following 

USGS Denver Microbeam Laboratory standards were used: Fe STD_NUM_426, Cu 

STD_NUM_429, Ni STD_NUM_428, Co STD_NUM_427, S STD_NUM_417, As 

STD_NUM_434, and Mo STD_NUM_443.  Spot locations were chosen to acquire 

representative analyses from the cores to edges of Fe-Co vaesite veins, euhedral pyrite, euhedral 

Ni-pyrite, chalcopyrite, gersdorffite, and galena. Matrix corrections were calculated using the 

CalcZAF software. 

 

 Uraninite, coffinite, and zircon analyses were acquired with the same instrument and 

conditions as sulfide and sulfarsenide minerals except the beam current was 50 nA. K�Ù lines 

were measured for Si, Ti, Al, V, Cr, Sc, Fe, Co, Ca, P, and S. L�Ù lines were measured for Zr, Hf, 

Y, Sm, Er, and Ba. M�Ù lines were measured for U, Pb, Th, and W. 

 

4.3 Results 

 

4.3.1 Core Logs 

 

 Rocks at Fox Lake can be classified into lithologic groups based on their stratigraphy, 

macroscopically observable mineralogy and alteration style, and whole rock composition. These 

groups are: perched uranium deposits in sandstone ~120 m above the unconformity, uranium 

deposits at the unconformity, chlorite breccia immediately below the unconformity, rocks in the 

C-10 fault and C-10 alteration zones, and unaltered basement rock below the C-10 alteration 

zone. Optical and scanning electron microscopy support this classification. Core logs including 

lithology, alteration style, intensity of bleaching, and bulk compositional data correlated with 

drill hole depth are provided in Figure 4.3. Bulk compositional data used in core logs are 

provided in Tables 4.1-4.3. 

 

 Macroscopic observations The following is a summary of macroscopic observations 

obtained during systematic core logging. 
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 Sandstone tens of meters above the unconformity-related ore zone is composed of mature 

detrital quartz sand grains with centimeter scale beds of quartz pebble conglomerate. The 

sandstone is variably hematized and cut by hematite-bearing euhedral quartz veins. Pyrite 

commonly coats euhedral quartz crystals. Less than ten meters above the unconformity porosity 

in the sandstone is filled with sooty to massive pyrite giving the rock a grey to black color. 

Hydrocarbon buttons are disseminated in chlorite-rich bands in the upper part of the ore-zone. 

Secondary pink erythrite blooms are common in rock with high abundances of sulfide minerals. 

Sandstone within two meters of the unconformity is intensely chloritized, contains sparse 

remnant quartz pebbles, and is intensely radioactive due to the presence of abundant uraninite 

disseminated throughout the rock.  The unconformity is indistinct because of the intensity of 

quartz destruction in both sedimentary and metamorphic basement rocks. The deepest occurrence 

of remnant quartz pebbles was used as an indicator of the location of the unconformity.  

 

 Thin lenses of perched uranium minerals occur approximately 120 m above the 

unconformity. Uraniferous intervals are characterized by friable sandstone with intense 

bleaching, sooty pyrite, lack of hematite, and weak radioactivity. Non-uraniferous rock 

surrounding perched uranium is competent and moderately to intensely hematized or bleached.  

 

 Chlorite breccia lies within the basement immediately beneath the unconformity-related 

ore zone. Chlorite breccia is characterized by intensely chloritized fragments of metamorphic 

basement rock and a breccia fill dominated by dravite and sudoite, with subordinate amounts of 

sulfide minerals and hydrocarbon buttons visible.  

 

 The C-10 fault zone is hosted in a graphitic interval within quartz-biotite-cordierite-

garnet-plagioclase gneiss. Rock in the C-10 fault zone is brecciated and has a breccia fill of 

dravite with lesser amounts of euhedral quartz. The C-10 alteration zone lies immediately below 

the graphitic interval hosting the C-10 fault. The C-10 alteration zone is characterized in drill 

core by intensely bleached, chloritized, and silicified breccia and mylonite. The metamorphic 

fabric and minerals in rocks outside the C-10 alteration zone become indistinct approaching the 

zone, and are almost completely obliterated inside the zone.  
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 Immediately below the C-10 alteration zone the rock is intensely chloritized and 

bleached, but foliation is distinct. Over ten meters below the C-10 alteration zone chloritization 

and bleaching are weak. Quartz-biotite-garnet gneiss more than twenty meters below the C-10 

alteration zone is not altered.  

 

 

 

 

 

 
Fig. 4.3 Core logs for REA-165-3, REA-165, REA-165-1, and a perched U occurrence in REA-
165. 
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Fig. 4.3 Continued 
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Fig. 4.3 Continued 
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Fig. 4.3 Continued 
 
 

4.4.2 Bulk Compositional Analyses 

 

 Uranium concentrations are elevated above background levels 25 m above the 

unconformity and within the C-10 alteration zone. The highest U enrichment is within 10 m 

above the unconformity, and in the shallowest part of the C-10 alteration zone in REA-165-3 

(Fig. 4.3), and correlates with elevated REE content. Carbon content is highest in graphitic 

intervals within the basement that host the C-10 fault zone. Carbon is also elevated in the upper 

part of the ore zone and within chlorite breccia where hydrocarbon buttons occur. Sulfur and 

arsenic are correlated, and are enriched in the ore zone and the C-10 alteration zone. The 

transition metals Co, Ni, Cu, and Mo correlate with S and As in the ore zone and C-10 alteration 

zone where sulfide and sulfarsenide minerals occur. Boron is elevated in rocks with dravite 

alteration. Phosphorus is enriched at the unconformity and in the C-10 alteration zone. Strontium 

and barium are enriched at the unconformity and the C-10 alteration zone, where secondary U-

phosphate minerals occur in chlorite breccia and APS minerals respectively. 

 
4.4.3 Unconformity-related Ore Zone 

 Quartz sandstone tens of meters above the unconformity is variably hematized, contains 

interstitial illite, traces of euhedral pyrite, and is cut by veins of euhedral quartz with hematite 

inclusions in the outer zones. Detrital and euhedral quartz are weakly corroded and replaced by 

minor amounts of sudoite and dravite (Fig. 4.4A). Within ten meters of the unconformity quartz 

corrosion intensifies and is replaced by abundant sudoite and dravite (Fig. 4B). 
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Table 4.1 Bulk compositional data in ppm for selected elements from REA-165-3 

Sample 
depth 
(m) U C (tot) S Co Ni As Cu Mo Ba Sr B 

REE 
(tot) 

723.9 20 - - 6 22 10 38 0 8 58 863 93 
724.1 104 - - 20 28 3370 23 2650 21 125 982 115 
725.0 25 - - 9 16 33 28 2 13 101 1780 141 
725.5 123 - - 29 53 84 783 6 74 380 2790 243 
726.0 90 - - 41 65 60 2820 3 32 162 1700 98 
726.6 1760 2100 42500 948 375 1060 8980 41 83 417 515 181 
727.1 722 - - 2370 934 3070 301 32 36 184 255 159 
727.5 76 - - 74 86 66 140 3 16 95 629 78 
728.0 1000 - - 1160 511 1440 421 14 42 278 514 210 
728.5 1200 - - 4210 1740 5150 948 41 51 271 385 270 
728.7 700 - - 878 536 1690 48 7 39 227 417 317 
729.0 1740 2700 15000 1850 883 1060 128 12 24 124 213 437 
729.3 464 - - 1640 531 1140 65 83 15 62 134 135 
729.5 1180 - - 1380 465 831 139 26 15 62 35 176 
730.0 397 - - 1060 462 2030 177 5 11 45 90 72 
730.5 408 - - 1450 443 1970 233 2 11 45 334 86 
731.0 515 - - 8960 3290 9710 611 8 16 65 768 214 
731.3 326 - - 6870 2690 8320 353 12 11 41 433 122 
731.7 995 900 56500 11500 4380 16800 565 5 16 76 700 175 
732.2 193 - - 995 465 1130 95 5 21 149 814 225 
732.7 179 - - 587 450 568 43 3 22 181 429 304 
732.8 2370 - - 11400 5360 19200 602 18 1 182 97 211 
733.0 11200 - - 9770 5240 16200 666 14 67 370 114 679 
733.1 1220 - - 1640 1150 1510 152 4 29 179 52 297 
733.3 237 - - 321 317 278 34 2 10 60 37 93 
733.6 1020 - - 3100 2090 2830 171 5 19 109 63 224 
733.8 3150 50 79300 17900 9680 34100 384 46 27 158 98 317 
734.0 620 - - 4910 2110 8450 67 16 14 109 30 166 
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Table 4.1 continued 
734.3 796 - - 2360 1560 2710 140 6 11 64 47 107 
734.6 3170 - - 20900 9300 35200 92 80 18 139 40 293 
734.8 1230 - - 17100 7220 31000 64 60 19 115 60 188 
734.9 4190 50 13000 2570 1580 1980 55 12 7 25 55 608 
735.2 199 - - 766 613 333 12 8 8 81 34 132 
735.4 1290 - - 6740 4980 11700 247 18 16 102 67 204 
735.6 4450 - - 14100 8660 25100 669 42 21 141 132 491 
735.9 364 - - 1030 763 974 65 4 11 131 27 272 
736.2 3540 - - 20300 8210 33400 325 48 13 77 70 582 
736.4 11400 - - 8420 6140 12100 561 32 9 15 152 1235 
736.6 21100 - - 11900 9320 4500 1590 32 64 39 417 1527 
736.8 11800 - - 9370 7690 9220 721 65 24 21 158 935 
737.0 5340 - - 4750 6610 4270 527 23 16 28 311 652 
737.6 3630 700 80000 3940 6510 4020 384 12 24 47 503 524 
737.9 1210 - - 2330 4050 1150 130 1 18 75 676 527 
738.2 1910 - - 2180 4930 2340 152 6 20 70 733 391 
738.5 11300 - - 3200 5670 3730 565 14 47 42 755 1186 
738.8 2220 - - 9510 10800 16100 312 47 15 87 585 330 
739.2 969 - - 3990 3850 4670 438 11 16 147 486 413 
739.4 927 - - 5140 6180 6250 378 9 21 66 961 327 
739.7 7210 - - 6410 11000 7680 2360 20 28 36 771 567 
740.0 3850 - - 7680 6230 9710 491 31 7 11 177 307 
740.2 14100 - - 13400 11700 9140 1350 32 17 26 304 538 
740.4 800 - - 3950 3640 4640 2510 406 3 5 77 34 
740.5 12500 - - 6390 6290 7410 3930 565 10 14 134 262 
740.6 60200 - - 8160 8100 4560 6120 54 39 45 295 2066 
740.8 82200 - - 8920 11400 9350 1460 431 34 46 286 1939 
740.9 383000 - - 7410 15700 22700 339 659 69 117 187 6610 
741.2 416000 - - 6120 19800 28200 328 534 95 88 184 5257 
741.6 300000 700 38700 4890 45700 57500 284 383 59 58 192 4115 
742.0 224000 - - 6740 84400 104000 432 188 38 38 174 2897 
742.2 326000 - - 3820 84100 107000 156 267 56 48 167 3759 
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Table 4.1 continued 
742.3 317000 - - 3080 60400 72700 85 348 58 102 204 5074 
742.5 502000 - - 1490 22100 26100 1 578 26 44 200 8837 
742.7 528000 - - 1370 19600 26600 84 370 26 47 203 8557 
742.8 590000 - - 1120 27200 38100 1 457 44 182 155 11464 
743.0 593000 - - 1740 25900 35700 64 413 35 60 171 10305 
743.2 510000 - - 2210 66700 76300 105 489 25 48 149 9147 
743.3 467000 - - 3540 105000 127000 94 576 22 114 134 9486 
743.5 440000 - - 5640 89500 121000 249 772 70 77 137 5911 
743.7 153000 - - 10600 113000 125000 388 222 53 39 219 3369 
744.0 25200 - - 6120 30100 47700 261 1030 83 37 748 813 
744.2 20500 - - 5330 26600 32100 396 574 71 38 813 571 
744.3 101000 - - 5800 187000 207000 343 180 32 23 199 1661 
744.6 139000 - - 6110 168000 185000 297 177 38 30 150 2154 
744.8 65700 - - 7600 253000 267000 302 129 24 15 73 1191 
745.0 62200 50 112000 10500 180000 195000 388 96 34 22 157 1060 
745.3 178000 - - 8200 167000 185000 234 258 44 31 125 2947 
745.5 165000 800 63000 6650 120000 139000 481 263 58 44 192 2728 
745.6 217000 - - 7300 147000 153000 256 326 56 61 140 4297 
745.8 138000 - - 10700 196000 217000 351 254 34 30 124 2417 
746.0 203000 - - 10200 159000 187000 410 293 48 43 143 2916 
746.2 50400 - - 11300 46400 51600 701 492 69 37 498 1535 
746.6 6390 - - 11400 26700 35700 668 1290 56 32 878 239 
746.7 75100 - - 14200 36900 44500 1580 403 27 25 231 2035 
747.0 183000 50 131000 19100 35600 46500 991 371 57 48 226 2982 
747.2 332000 - - 12600 17600 25000 963 612 135 101 224 4119 
747.4 289000 - - 11600 17900 27800 582 625 122 96 276 3967 
747.5 67800 - - 21900 35200 41100 1520 341 75 66 358 1283 
747.8 106000 - - 13400 27900 37700 889 432 82 56 409 2138 
748.1 66700 - - 10900 26600 34400 534 307 67 49 474 1570 
748.2 9580 - - 7170 13000 14200 300 1140 62 38 940 295 
748.3 74900 - - 9990 24500 28700 1120 165 320 68 516 3001 
748.5 37600 - - 11200 53200 61000 633 331 275 49 634 2324 
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Table 4.1 continued 
748.8 1330 7800 32800 3590 16900 27100 767 253 46 254 1400 295 
749.3 286 - - 1110 2140 2660 78 23 46 254 1340 261 
749.7 51 - - 50 581 247 26 4 18 76 608 140 
750.1 44 - - 128 1520 1200 8 5 12 79 2000 135 
750.4 28 51200 1300 61 855 531 5 3 15 86 4690 163 
754.1 195 153000 2200 220 4780 4120 8 32 35 217 12600 437 
755.5 1560 9900 19600 794 12200 6720 86 135 73 245 12400 243 
756.8 2920 1700 38000 409 2590 1070 786 36 18 185 979 468 
760.9 16 600 200 6 95 10 65 2 54 60 371 150 
770.9 13 - - 6 60 6 34 10 83 159 257 322 
780.2 8 400 1100 9 50 5 1 4 222 110 238 199 

 
Table 4.2 Bulk compositional data in ppm for selected elements from REA-165 

Sample 
depth 
(m) U 

C 
(tot) S Co Ni As Cu Mo Ba Sr B 

REE 
(tot) 

699.2 14 50 300 10 20 4 371 0 11 120 222 187 
721.6 42 700 300 3 19 7 108 0 10 98 624 196 
733.5 18 50 900 23 24 146 91 3 5 47 644 93 
734.1 510 - - 1340 639 1320 6640 36 25 224 213 190 
734.5 45600 1200 111000 30700 27600 45900 1720 785 99 631 96 1497 
734.9 1290 50 86300 19400 20400 34500 300 113 68 514 41 589 
735.4 3080 - - 41200 74100 71000 340 481 21 154 26 517 
735.9 331 - - 157000 143000 331000 176 1290 1 18 33 41 
736.3 1050 - - 66500 211000 131000 209 605 17 85 10 286 
736.6 5750 - - 41800 239000 133000 214 431 21 92 12 365 
737.0 386 - - 32000 14200 37200 117 146 21 220 1500 341 
737.5 341 - - 16400 7550 26600 62 112 23 230 1580 395 
738.0 497 - - 1040 774 1460 31 15 6 59 210 127 
738.5 1990 - - 10900 5060 16800 556 25 25 362 639 713 
739.0 225 - - 2570 1150 4310 123 14 12 191 56 326 
739.5 82 - - 659 656 423 37 11 10 151 66 289 
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Table 4.2 continued 
740.1 168 - - 1070 686 785 337 8 8 77 70 142 
740.7 139 50 4500 555 402 121 111 4 5 59 121 131 
741.2 86 - - 242 208 73 94 9 4 43 30 98 
741.7 201 - - 400 245 321 147 4 3 35 29 109 
742.2 234 - - 1270 647 1530 105 25 3 22 34 65 
742.7 305 - - 917 794 804 151 5 6 37 46 122 
743.3 29200 - - 4710 3330 3190 4840 53 4 26 66 3056 
743.7 13100 50 31800 2720 1890 2160 1270 192 5 17 61 1055 
744.0 5760 - - 2020 2020 2320 478 213 3 8 36 457 
744.4 1150 - - 712 577 549 424 80 4 11 24 139 
744.8 617 - - 929 956 711 388 43 4 15 73 79 
745.2 11200 600 32700 2710 1480 1820 4380 40 3 9 90 863 
745.7 1510 - - 1110 459 737 9870 31 4 16 92 104 
746.2 78 - - 77 101 161 5030 5 7 140 77 417 
746.7 68 - - 63 102 153 3460 3 12 238 88 451 
747.1 194 - - 179 288 389 2470 9 12 217 119 396 
747.5 4910 50 19600 4220 3340 5710 621 102 44 415 412 1020 
747.9 377 - - 52 81 92 2770 9 11 221 61 432 
750.4 71 - - 33 469 179 15 2 10 33 442 101 
750.8 1840 6300 7600 489 10700 8470 446 27 36 104 3100 323 
751.2 70 - - 45 1060 811 7 4 13 92 616 225 
754.9 333 16300 24700 1310 42300 47500 14 252 26 30 2670 108 
757.0 11 - - 4 136 10 2 1 16 30 2770 100 
765.3 9 22400 2100 11 133 17 208 2 73 40 305 71 
773.9 6 - - 20 121 22 8 1 13 36 841 139 
777.3 12 700 1000 3 74 2 1050 1 18 104 3620 411 
783.7 8 600 100 4 142 2 45 34 25 9 58 49 
795.0 2 - - 20 71 1 76 1 67 81 120 302 
808.4 1 50 50 5 39 1 18 0 14 41 361 61 
821.3 2 50 50 11 44 29 3 0 175 28 82 183 
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Table 4.3 Bulk compositional data in ppm for selected elements from REA-165-1 
Sample 
depth 
(m) U C (tot) S Co Ni As Cu Mo Ba Sr B 

REE 
(tot) 

724.5 74 600 600 8 20 8 768 1 13 97 807 167 
733.0 48 50 200 3 8 4 150 0 8 88 1070 136 
736.3 97 - - 14 13 18 132 1 11 111 222 142 
736.8 71 - - 6 11 13 94 1 10 129 122 141 
737.4 38 1200 500 7 10 28 66 0 7 85 210 132 
738.0 61 - - 32 52 96 147 1 17 190 346 173 
738.6 310 - - 6930 2770 9390 3620 21 13 104 158 159 
739.2 1410 - - 10600 4060 14700 1570 34 16 83 136 258 
739.7 162 - - 675 490 826 510 3 11 115 1630 191 
740.3 214 - - 1100 375 1940 236 3 8 57 771 89 
740.8 332 12100 19100 4910 2660 2840 2530 17 15 85 1190 226 
741.2 48 - - 501 208 361 475 5 7 61 159 100 
743.3 17 300 800 111 88 25 56 4 4 56 169 97 
745.5 228 - - 19600 9840 38400 834 67 3 21 58 193 
746.0 141 50 4600 1160 915 836 352 13 13 167 1030 407 
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Table 4.3 continued 
746.5 447 - - 454 355 275 930 18 8 105 124 262 
747.0 11000 - - 2710 1140 885 2720 333 31 503 439 3400 
747.5 20300 - - 1130 905 1060 1230 663 91 280 773 2171 
748.0 41500 700 22800 329 457 578 19000 401 119 246 941 2181 
748.4 6670 - - 142 344 334 11600 137 44 81 3320 747 
748.8 329 - - 135 482 113 1190 9 35 98 5130 213 
749.3 242 4400 4700 163 387 29 770 37 10 71 1560 174 
751.8 5 50 400 7 167 1 409 0 47 17 154 42 
763.6 7 5200 100 21 91 4 9 0 74 23 142 145 
773.9 4 - - 5 64 1 5 1 38 61 461 179 
777.1 8 111000 6300 45 160 49 40 2 9 49 2800 220 
788.6 4 72600 3700 24 208 26 15 2 14 74 1420 386 
791.5 9 5300 1800 862 368 906 6 3 89 12 340 67 
797.6 5 500 100 12 108 10 4 0 23 29 34 159 
806.1 2 - - 4 143 3 17 2 32 12 147 32 
818.1 2 500 200 10 47 1 10 0 86 33 124 214 
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Fig. 4.4 Drill core from REA-165-1 showing increasing sudoitization and quartz corrosion 
approaching the unconformity-related ore zone. A. Quartz conglomerate from interval 744.1-
744.9 with weak sudoitization and trace hydrocarbon buttons.  B. Rock characteristic of interval 
746.0-747.3 m with intensely sudoitized rock with nearly complete quartz corrosion and trace 
amounts of hydrocarbon buttons. 
 
  

 Optical and scanning electron microscopy Immediately above the ore zone, interstices 

between quartz grains are filled with abundant pre-ore pyrite (Py1) partially replaced by late 

chalcopyrite (Fig. 5A and B). Optical petrography (Fig. 5C) and BSE imagery (Figs. 6A and B) 

show that within the ore zone quartz is completely destroyed and replaced by dravite and Py1 is 

corroded and replaced by Fe-sudoite. BSE imagery (Fig. 6) shows that euhedral pyrite (Py2) cuts 

corroded Py1, and grew around dravite crystals. Optical petrography (Figs. 5D-F) and BSE 

imagery (Figs. 6C-F) show that rutile and Mg-sudoite partially replace euhedral Py2, and occur in 

the groundmass as well. Uraninite rims or replaces corroded Py1, euhedral Py2, and occurs in 

patches throughout the sudoite-dravite matrix (Fig. 6). Fe-sudoite replaces pyrite during uraninite 

precipitation (Fig. 6A and B). Hydrocarbon buttons (HCB) occur disseminated in Mg-sudoite at 

depths of approximately 737-745 meters, and is responsible for the elevated C content at these 
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depths. Trace amounts of marcasite occur with HCB in sudoitized sandstone. Chalcopyrite 

replaces Py1, and occurs as small blebs disseminated throughout the sudoite-dravite matrix (Figs. 

5B, C, and E). Xenotime and calcite form a late alteration assemblage. Xenotime occurs as rims 

on detrital zircon crystals, and calcite as sparse veins. The unconformity is indistinct in the ore-

zone because of quartz destruction and intense chloritization.  

 

 Paragenesis Figure 4.7 summarizes the paragenesis for alteration minerals associated 

with ore bodies at the unconformity. The key features are pre-ore pyrite filling the interstices 

between detrital quartz grains, corrosion of detrital and euhedral quartz followed by replacement 

with dravite and Mg-sudoite, and corrosion of Py1 followed by replacement with Fe-sudoite. 

Following Py1alteration to Fe-sudoite, euhedral pyrite (Py2) formed. Euhedral Py2 is partially 

replaced by Mg-sudoite and rutile. This was followed by uraninite and Fe-sudoite replacement of 

both generations of pyrite, trace amounts of marcasite and hydrocarbon buttons, then partial 

replacement of Py1 by chalcopyrite, cobaltite and sparse pyrite veins. 

 

4.3.4 Perched Uranium  

 
 Perched U occurs as decimeter scale intervals in sulfide-rich, matrix supported quartz 

pebble conglomerate up to 120 m above the unconformity. Rock surrounding uraniferous 

intervals is moderately bleached or hematized, while uraniferous intervals are sulfide-rich and 

not hematized (Fig. 4.8).  

 

Optical and scanning electron microscopy Non-uraniferous quartz pebble conglomerate has 

interstitial illite and pre-ore pyrite (Py1), with corroded detrital quartz replaced by Mg-sudoite 

and dravite (Figs. 4.9A and B, and 4.10A). Mg-sudoite partially replaces Py1 and is mostly 

altered to kaolinite (Fig. 4.9B). Clusters of sagenite twinned rutile infill the margins of corroded 

quartz (Fig. 4.9C). Small euhedral Pb-rich pyrite (Py2) and galena are disseminated in the 

kaolinite.  
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Fig 4.5 Photomicrographs of pre- and syn-ore alteration of rocks near the unconformity. A. 
transmitted plane polarized light and B. reflected light images of sample REA-165 745.6-745.7, 
a sandstone approximately 1.5 meters above the unconformity showing alteration of interstitial 
pre-ore Py1 to Fe-sudoite, and partial replacement of pre-ore pyrite by chalcopyrite. C. Reflected 
light image of sample REA-165-1 747.3-747.4, a strongly sudoitized sandstone immediately 
above the unconformity showing alteration of Py1 to Fe-sudoite, euhedral Py2, uraninite, and 
chalcopyrite partially replacing Py1. D-E. Reflected light and F.  transmitted plane polarized light 
images of sample REA-165-1 748.4-748.5, a strongly sudoitized rock between the unconformity 
and the chlorite breccia showing dravite, euhedral Py2, and Mg-sudoite with rutile. 
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Fig. 4.6 BSE images of pre- and syn-ore alteration of rocks near the unconformity.  A-C. Sample 
REA-165-1 747.3-747.4 showing replacement of Py1 by Fe-sudoite, euhedral Py2, and uraninite. 
D-F sample REA-165-1 748.4-748.5 showing where euhedral pyrite grew around dravite 
crystals, and replacement of euhedral Py2 by Mg-sudoite and rutile, and subsequent overgrowth 
of Py2 by uraninite. 
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Fig. 4.7 Paragenesis for alteration minerals associated with the unconformity-related ore body. 
 

 
 

 
Fig. 4.8 Perched uranium occurrence from drill core REA-165. This interval shows bleached 
sandstone above the mineralized zone, dark black sulfides and uranium mineralization associated 
with a small fault, and hematization below the mineralized interval. 
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 Uraniferous intervals have abundant interstitial Py1 that is rimmed by Py2 (Figs. 4.9D and 

E, 4.10B and C). Py2 fills the margins of corroded quartz grains (Fig 4.10B, C, and E). Sparse 

zircon fills the margins of corroded quartz grains and Py2 (Fig. 4.10E). Uranium occurs as 

nodules of zircon-coffinite interstitial to the kaolinite groundmass as halos surrounding pyrite 

(Fig 4.10C and D), and as zircon-coffinite replacement of zircon (Fig. 4.10E). Corroded detrital 

quartz has a bright orange cathodoluminescence characteristic of radiation damage that 

penetrates grains to a depth of approximately 100µm (Fig. 4.9F). Chalcopyrite partially replaces 

Py2, and is partially replaced by galena (Fig. 4.10C). Euhedral galena is disseminated throughout 

kaolinite, and is partially replaced by anglesite along crystal margins (Fig. 4.10F). The Pb in 

galena is likely radiogenic given the association of galena with U-bearing samples. The depth 

interval comprising the perched uranium occurrence investigated has an average 206Pb/204Pb ratio 

of 42.3, supporting the radiogenic origin of Pb (Cameco, unpublished data).  

 
 Paragenesis Figure 4.11 summarizes the paragenetic sequence for alteration minerals 

associated with perched U occurrences. Py1 fills porosity between detrital quartz grains in 

uraniferous intervals. Non-uraniferous quartz pebble conglomerate is moderately hematized and 

has interstitial illite. Detrital quartz was corroded and replaced by dravite and Mg-sudoite. Rutile 

formed after quartz corrosion. Py1 is corroded and replaced with Mg-sudoite that was 

subsequently kaolinized. Euhedral Pb-rich pyrite occurs with kaolinized Mg-sudoite. Py2 rims 

Py1 and fills the margins of corroded detrital quartz. Zircon fills the margins of corroded detrital 

quartz and Py2. Uranium mineralization occurred after Py2, kaolinization, and zircon formation. 

CL imaging shows that radiation damage to detrital quartz occurred after quartz corrosion and 

replacement by dravite and Mg-sudoite. Massive chalcopyrite is embayed into uraniferous 

kaolinite, and is partially replaced by galena. Euhedral galena is disseminated throughout 

kaolinite in uraniferous and non-uraniferous samples, and is partially replaced by anglesite. 

Pyrite corrosion and replacement by Fe-sudoite are not associated with perched uranium 

mineralization. 
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Fig. 4.9 Photomicrographs of quartz sandstone associated with perched uranium. A. transmitted 
cross-polarized light and B. transmitted plane polarized light images of sample REA-165 624.6-
624.8 showing detrital quartz with interstital illite and Py1, quartz corrosion, Mg-sudoite, 
dravite, and kaolinized Mg-sudoite. C. Reflected light image of sample REA-165 611.8 with 
quartz corrosion and replacement with dravite, post-quartz corrosion rutile, and kaolinite. D. 
Transmitted plane polarized light and E. reflected light images of sample REA-165 620.0-620.3 
with quartz corrosion, Py1 and Py2, chalcopyrite, and kaolinite replacement of Mg-sudoite. F. 
Sample REA-165 620.0-620.3 color cathodoluminescence image showing orange 
cathodoluminescence caused by radiation damage to detrital quartz grains. 
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Fig. 4.10 BSE images of perched U samples. A. Sample REA-165 620.3-620.4 a non-
mineralized sample from below a uraniferous interval. This sample has corroded detrital quartz 
and associated dravite, and a kaolinite groundmass with disseminated euhedral Py2 and galena. 
B.-F. Sample REA-165 620.0-620.3 from a uraniferous interval. This sample has abundant 
interstitial corroded Py1 that is partially replaced by kaolinized Mg-sudoite. Py2 rims Py1, fills 
corroded margins of quartz grains, and is partially replaced by chalcopyrite. Chalcopyrite is also 
disseminated in patches of kaolinite. Galena partially replaces chalcopyrite, and occurs as 
euhedral crystals disseminated in kaolinite. Galena has been partially altered to anglesite. Zircon 
is interstitial to corroded quartz grains. Zircon-coffinite occurs in the interstices between 
kaolinite as halos associated with pyrite, and as a replacment of zircon. 
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Fig. 4.11 Paragenesis of alteration minerals associated with perched uranium.  
 
4.3.5 Chlorite Breccia 

 

 Chlorite breccia occurs in basement rock immediately below ore bodies at the 

unconformity, and is macroscopically characterized by brecciated metamorphic quartz infilled 

with green Mg-sudoite (Fig. 4.12). The quartz-sudoite breccia was brecciated a second time and 

infilled with light-grey to light-blue dravite and olive-green Mg-sudoite, with minor amounts of 

HCB and sulfide minerals. Patches of hematite occur in breccia fragments. 
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Fig. 4.12 Chlorite breccia samples in drill core. A. Chlorite breccia sample REA-165-1 749.2-
749.3 showing breccia fragments composed of corroded metamorphic quartz fragments and Mg-
sudoite, infilled by dravite and hydrocarbon buttons. B. Chlorite breccia sample REA-144 725.0-
725.2 with brecciated quartz pegmatite infilled by Mg-sudoite and APS minerals. This sample 
was brecciated a second time and infilled by dravite and Mg-sudoite.  
 
 

 Optical and scanning electron microscopy Breccia fragments consist of brecciated gneiss 

or pegmatite with variably corroded quartz surrounded by Mg-sudoite (Mg-sud1), ±APS 

minerals, ±rutile (Rt1), and traces of euhedral pyrite (Py1) (Figs. 4.13A, B, E, and F; and 4.14A). 

The breccia fill is dominated by dravite, Mg-sudoite (Mg-sud2), and lesser amounts of Fe-

sudoite. The breccia fill hosts an assemblage of reduced minerals comprised of euhedral pyrite 

(Py2), HCB, marcasite, and chalcopyrite (Figs. 4.13C and 4.14B). Pyrite veins (Py3) cut breccia 

fragments and breccia fill, and are spatially associated with illitization of Mg-sudoite (Fig. 4.13E 

and F) Traces of gersdorffite are present (Fig. 4.13D). Xenotime and uranium phosphate 
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minerals occur in association with rutile (Rt2) and euhedral pyrite (Py2) (Fig. 4.13C and D). 

Marcasite and all generations of pyrite are partially hematized (Figs. 4.13C and 4.14A, B, and 

E). Ankerite and calcite fill fractures that cross-cut breccia fragments, breccia fill, and Py3 veins 

(Fig. 4.14E).   

 

 Paragenesis Figure 4.15 summarizes the paragenetic sequence of alteration minerals in 

the chlorite breccia. Two brecciation events occurred before the precipitation of a reduced 

mineral assemblage. Each brecciation event was followed by quartz and pyrite corrosion and 

pervasive Mg- and Fe-sudoitization and associated rutile. Dravite is absent after the first 

brecciation event, but constitutes the dominant mineral in the breccia fill after the second 

brecciation event. A reduced mineral assemblage consisting of sulfide and sulfarsenide minerals, 

and HCB formed after the dravite breccia fill. An oxidized mineral assemblage follows the 

reduced assemblage, and is characterized by uranium phosphate minerals, xenotime, and 

hematite. Late stage calcite and ankerite veins crosscut all other mineral assemblages. 

 
4.3.6 C-10 Fault and C-10 Alteration Zone 

 

 Basement rock above the C-10 fault zone consists of quartz-biotite-cordierite-plagioclase 

gneiss, with near complete illitization of feldspar. Approaching the C-10 fault zone the graphite 

abundance of the gneiss increases, and all metamorphic minerals except graphite are altered by 

hydrothermal alteration. The graphite breccia in the C-10 fault zone is filled with hydrothermal 

quartz and dravite. Below the C-10 fault zone is an intensely bleached breccia and mylonite 

comprising the C-10 alteration zone (Fig. 4.16). Original metamorphic minerals excluding quartz 

are obliterated by intense chloritization. 

 

 Optical and scanning electron microscopy The C-10 fault zone is confined to graphitic 

gneiss, with graphite, metamorphic quartz, and dravite breccia-fill as the dominant minerals. 

Euhedral hydrothermal quartz penetrates and overgrows metamorphic quartz. Both types of 

quartz show dissolution textures and are replaced by dravite and Mg-sudoite (Fig. 4.17A and B). 

Graphite in the C-10 fault zone shows no dissolution or replacement textures such as corrosion 

and embayment of alteration minerals into the graphite. 
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Fig. 4.13 Photomicrographs of two styles of chlorite breccia. A. Reflected light, B. transmitted 
plane polarized light, C.-D. reflected light images of sample REA-165-1 749.1-749.3 a 
brecciated gneiss showing corroded metamorphic quartz exclusive to breccia fragments, dravite 
breccia fill, and a reduced mineral assemblage of pyrite, HCB, marcasite, chalcopyrite, and 
gersdorffite. E and F. Transmitted plane polarized light images of sample REA-144 725.0-725.1 
a brecciated quartz pegmatite filled by Mg-sudoite and APS minerals, that was brecciated a 
second time and infilled with Mg-sudoite cut by late illite veins.  
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Fig. 4.14 BSE images of chlorite breccia samples. A. Sample REA-165-1 749.1-749.3 showing 
Mg-sudoite breccia fragments with Rt1, partially hematized Py1, and dravite breccia fill. B. The 
same sample showing dravite breccia fill, HCB, chalcopyrite, and hematite. C. and D. Dravite 
breccia fill in sample REA-165-1 748.8-748.9 with Rt2 overgrown by Py2, a uranium phosphate 
mineral, and xenotime. E. Py3 vein in sample REA-165-1 749.1-749.3 partially hematized and 
replaced with ankerite. F. Sample REA-144 725.0-725.1 with Py3 veinlets associated with illite. 
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Fig. 4.15 Paragenesis of chlorite breccia immediately below the unconformity. 
  

 

 Immediately below the C-10 fault zone the rock is less graphitic, and abruptly transitions 

from non-bleached gneiss to intensely bleached mylonite and breccia with most of the 

metamorphic minerals obliterated by hydrothermal alteration (Fig. 4.16). This transition from 

non-bleached gneiss to intensely bleached rock constitutes the upper contact of the C-10 

alteration zone. Mineralogically the C-10 alteration zone is distinguished from other units at Fox 

Lake by the presence of early Fe-Co vaesite veins (Vas1) proximal to the unconformity, intense 

silicification with hydrothermal euhedral quartz, followed by pervasive chlorite then fluorapatite 

alteration. The margins of Vas1 veins have dissolution textures and are replaced by Mg-sudoite 

overprinted by Fe-sudoite, and fluorapatite (Fig. 4.18A and B). Metamorphic and hydrothermal 

quartz have dissolution textures (Fig. 4.17C) with replacement by Mg-sudoite, and fluorapatite 
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proximal to the unconformity; and a clinochlore-Mg-sudoite solid solution, dravite, fluorapatite, 

and APS minerals in samples distal to the unconformity (Figs. 4.17E, and 4.18C and D). 

 

 Following fluorapatite precipitation, rock in the C-10 alteration zone proximal to the 

unconformity was fractured and filled with veins of euhedral zoned Ni-rich pyrite (Ni-py1 and 

Ni-py2) (Figs. 4.17D and F; and 4.18B and E). The cores of euhedral Ni-pyrite (Ni-py1) have less 

nickel than the rims (Ni-py2), with Fe-rich vaesite (Vas2) at the boundary of the two pyrites (Fig. 

4.18B and E). APS minerals deeper in the basement have porosity filled by, and are partially 

rimmed by euhedral pyrite (Py1) (Figs. 4.17E and 4.18D). Gersdorffite replaces both Ni-pyrite 

generations along growth zone boundaries, the rim, and in rare cases replaces the Ni-py1 core 

completely (Fig. 4.18B and E). Calcite replaces both generations of Ni-pyrite, and constitutes the 

dominant mineral in the fractures hosting euhedral Ni-pyrite (Figs. 4.17D and F; and 4.18A, B, 

and F). Galena replaces Py2 cores as well, and also occurs as subhedral crystals rimmed by 

anglesite within calcite veins (Fig. 4.18F).  

 

 Rock below the C-10 alteration zone gradually transitions to non-bleached quartz-biotite-

cordierite-garnet-plagioclase gneiss, with variable chloritization of biotite and garnet to 

clinochlore. 

 

Paragenesis of alteration minerals in the C-10 fault and alteration zones The paragenesis of 

alteration minerals in the C-10 fault and alteration zones was established using the petrographic 

evidence presented above, and summarized in Figure 4.19. The first alteration stage is 

represented by clinochlore, Vas1 veins, and the hydrothermal quartz associated with the 

silicification of the C-10 alteration zone. The second alteration stage is indicated by corrosion 

and replacement of metamorphic and hydrothermal quartz by Mg-sudoite and dravite, followed 

by precipitation of fluorapatite in the porosity between Mg-sudoite sheets, and the overprinting 

of Mg-sudoite by Fe-sudoite. Clinochlore-amesite is the dominant chlorite at depth, with chlorite 

compositions trending towards Mg-sudoite with proximity to the unconformity. APS minerals 

occur with fluorapatite in the C-10 alteration zone distal to the unconformity. After the Fe-

sudoite overprinting a reduced mineral assemblage of sulfide and sulfarsenide minerals formed 

and constitutes the third alteration stage. Veins of euhedral Ni-pyrite (Ni-py1 and Ni-py2) with 



 127 

Vas2 formed, and were subsequently partially replaced gersdorffite and galena. The last 

alteration stage is represented by anglesite replacing galena, and calcite replacing Ni-py1 and Ni-

py2 and filling in fractures. 

 

 
Fig. 4.16 Intervals from the C-10 fault zone and the C-10 alteration zone showing the increasing 
intensity of bleaching proceeding downwards from the fault. A. Sample REA-165-1 786.2-787.1, 
a representative graphitic gneiss with dravite breccia-fill from the C-10 fault zone. B. Sample 
REA-165-1 791.6-792.2, a moderately bleached, silicified, and chloritized rock representative of 
the transition between non-bleached graphitic gneiss in the C-10 fault zone and intensely 
bleached rock in the C-10 alteration zone. C. Sample REA-165-1 808.2-808.7, showing 
brecciated and mylonitic textures; and intense bleaching and chloritization. 
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Fig. 4.17 Photomicrographs of samples from the C-10 alteration zone. A. Transmitted cross-
polarized light and B. transmitted plane polarized light images of sample REA-165-1 784.5-
784.6 a graphitic gneiss from the C-10 fault zone with hydrothermal quartz overgrowing 
metamorphic quartz, and both types of quartz partially replaced by dravite and Mg-sudoite. C.-D. 
Transmitted plane polarized light, and E. reflected light images of sample REA-165-3 755.0-
755.2 from the C-10 alteration zone proximal to the unconformity. Metamorphic quartz is 
corroded and replaced by Mg-sudoite and fluorapatite. Clusters of euhedral zoned Ni-pyrite (Ni-
py1 and Ni-py2) occur in fractures that are filled with calcite. The cores of some Ni-pyrite are 
replaced by calcite. F. Reflected light image of sample REA-165 775.0-775.2 from the C-10 
alteration zone distal to the unconformity. APS minerals are abundant and rimmed or partially 
replaced by Py1. Graphite is sparse and unaltered. 
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Fig. 4.18 BSE images of samples from the C-10 alteration zone. A. and B. Sample REA-165-3 
755.0-755.2 from the intersection of the C-10 alteration zone and the unconformity; showing 
textural relationships between Vas1, Mg-sudoite, fluorapatite, Fe-sudoite, Ni-py1, Vas2, Ni-py2, 
gersdorffite, and calcite. C. and D. Sample REA-165 775.0-775.2, showing textural relationships 
between Mg-sudoite, dravite, fluorapatite, APS minerals, and Py1. E. Sample REA-165-3 755.0-
755.2 showing Mg-sudoite, Fe-sudoite, fluorapatite, Ni-py1, Vas2, Ni-py2, and replacement of 
Ni-py by gersdorffite. F. The same sample showing galena rimmed by anglesite.  
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Fig. 4.19 Paragenesis of alteration minerals in C-10 fault and C-10 alteration zones.  
 
4.3.7 Electron Microprobe Analysis 

 

 

 Electron microprobe analysis of chlorite and sulfide minerals from all rock types was 

performed to evaluate variations in mineral composition with respect to stratigraphic and 

paragenetic relationships. Electron microprobe analysis of unconformity-hosted uraninite and 

perched U-mineralization was performed to characterize the composition of uraninite and the 

identity of the host-mineral for perched U-mineralization. 

 

 Chlorite Octahedral site occupancies for di- and tri-valent cations were calculated based 

on 14 oxygens (Table 4.4, Supplemental electronic file: Fox_Lake_chlorite_compositions). 

These data, and compositions for endmember chlorites from Holland and Powell (1998), and Fe-

sudoite from Ng et al. (2013) are plotted on a Mg-Al+• -Fe ternary diagram (Fig. 4.20). Chlorite 

minerals in unaltered basement rocks have octahedral site occupancies consistent with Mg-Fe 

amesite, a trioctahedral Mg-chlorite. Chlorite compositions in the C-10 alteration zone vary from 
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Mg-amesite at depth to Mg-sudoite near the unconformity, with a slight enrichment in Fe in the 

shallowest sample. Chlorite breccia fragments and fill have chlorite compositions between Mg-

sudoite and Fe-sudoite. Chlorite from the ore zone below the unconformity occurs as two types: 

Fe-sudoite replacing pre-ore pyrite, and Mg-sudoite replacing ore-stage euhedral pyrite. Chlorite 

from the ore zone above the unconformity has Fe-sudoite compositions similar to those in the 

ore-zone below the unconformity.  

 
 
 
 

 

Fig. 4.20 Octahedral site occupancy of Mg, Fe, and Al + vacancy for chlorite minerals in the 
different lithologies at Fox Lake. Chlorite endmember compositions from Holland and Powell 
(1998). Fe-sudoite composition from Ng et al. (2013). 
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Table 4.4 Representative compositions for chlorite minerals at Fox Lake 
Lithology Basement 

below C-
10 AZ 

Deep 
C-10 
AZ 

Middle 
C-10 
AZ 

Shallow 
C-10 
AZ 

C-10 
Fault 
zone 

Chlorite 
breccia 

Ore 
below 
unc. 

Ore 
below 
unc. 

Ore 
above 
unc. 

Sample 
ID 

REA-165 
812.2 

REA-
165-1 
807.7 

REA-
165 

775.2 

REA-
165-3 
755.2 

REA-
165 

768.0 

REA-
165-1 
748.8 

REA-
165-1 
747.5 

REA-
165-1 
748.4 

REA-
165 

747.3 
SiO2 29.35 32.49 34.94 34.78 35.45 36.22 43.77 33.04 31.58 
TiO2 - 0.01 0.15 - - - 0.02 - - 

Al2O3 25.00 20.65 25.98 29.80 33.06 27.88 33.68 27.81 24.75 
Cr2O3 - - - - 0.01 - - - - 
FeO 0.92 2.22 2.10 2.95 0.99 6.65 6.41 5.15 20.24 
MnO - - - - - 0.05 0.05 - 0.14 
V2O3 0.01 - 0.05 0.07 0.04 0.09 0.11 0.97 1.22 
ZnO 0.08 0.04 0.04 0.28 - 0.04 - 0.01 - 
MgO 29.81 30.12 22.66 17.04 17.67 15.65 1.20 17.99 6.89 
K2O 0.01 0.16 0.44 0.40 0.43 0.10 1.02 0.19 0.24 
Cl 0.01 0.02 0.04 0.10 0.07 0.13 0.01 0.21 0.04 
F 0.14 0.44 0.29 0.24 0.16 0.16 0.08 0.14 0.06 

Total 85.32 86.13 86.69 85.67 87.87 86.97 86.35 85.50 85.16 
Cations 
per 14 O 

         

Sitot 2.77 3.07 3.22 3.23 3.16 3.36 3.95 3.13 3.25 
Al tot 2.78 2.30 2.82 3.26 3.48 3.05 3.58 3.11 3.01 
SiIV 2.77 3.07 3.22 3.23 3.16 3.36 3.95 3.13 3.25 
Al IV 1.23 0.93 0.78 0.77 0.84 0.64 0.05 0.87 0.75 
AlVI  1.56 1.36 2.04 2.50 2.64 2.41 3.53 2.24 2.26 
FeVI  0.07 0.18 0.16 0.23 0.07 0.52 0.48 0.41 1.74 
MgVI  4.20 4.24 3.11 2.36 2.35 2.16 0.16 2.54 1.06 

vacancyVI  0.17 0.22 0.68 0.89 0.93 0.90 1.81 0.73 0.82 
 
  

 Sulfide minerals Sulfide and sulfarsenide minerals were analyzed for Fe, Cu, Co, Ni, Pb, 

Mo, As, and S, all analyses are reported in the supplemental electronic file: 

Fox_Lake_sulfide_sulfarsenide_compositions (Appendix A). Results for representative minerals 

from the unconformity-related ore zone and chlorite breccia are reported in Table 4.5. Copper 

fractions with respect to Fe, S, and 100 times Cu wt.% were calculated and are plotted in Figure 

4.21. Sulfide minerals in the ore zone and chlorite breccia are best distinguished by Cu 

concentrations, and show a clear paragenetic trend towards increasing Cu concentrations over 

time. Copper concentrations in sandstone-hosted pre-ore pyrite (Py1) and euhedral pyrite (Py2) 

from the ore-zone are below 0.52, and 1.27 wt.% respectively. Euhedral pyrite (Py2) from 
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chlorite breccia fill have Cu concentrations between 0.03 and 0.71 wt.%, and late pyrite veins 

(Py3) between 0.5 and 4.38 wt.%. Chalcopyrite from the ore zone and chlorite breccia has Cu 

concentrations of ~35 wt.%. 

 

 

 
Fig. 4.21 Ternary diagram showing variations in Fe, S, and Cu (wt. %) for pyrite and 
chalcopyrite in the ore zone at the unconformity and in chlorite breccia immediately below the 
unconformity.  
 
 
 Sulfide minerals in the C-10 alteration zone are distinguished by Cu, Ni, and Co 

concentrations (Table 4.6). Pyrite proximal to the unconformity has higher Cu concentrations 

(Fig. 4.22). Metamorphic pyrite in fresh quartz-biotite-garnet gneiss has similar low Cu 

concentrations to euhedral pyrite from the C-10 alteration zone distal to the unconformity. 

Concentrations of Ni and Co in pyrite from the C-10 alteration zone also positively correlate 

with proximity to the unconformity, as shown in Figure 23. Metamorphic pyrite contains traces 

of Ni and Co. 
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Fig. 4.22 Ternary diagram showing variations in Fe, S, and Cu (wt. %) for sulfide minerals in the 
C-10 fault zone, C-10 alteration zone, and in unaltered quartz-biotite-garnet gneiss below the C-
10 alteration zone.  
 
 
 Pyrite associated with perched uranium has lower concentrations of Cu compared with 

pyrite in the ore zone and C-10 alteration zone, and does not have a clear paragenetic trend of 

increasing Cu over time (Fig. 4.24). Pyrite associated with perched uranium has trace 

concentrations of Pb, whereas euhedral pyrite disseminated in kaolinite immediately below 

perched uranium has Pb concentrations of ~1 wt.%, likely caused by mixed analyses with galena. 

Representative compositions for pyrite and chalcopyrite associated with perched uranium are 

given in Table 4.7. 

 
 Unconformity-hosted uraninite and perched uranium All unconformity-hosted uraninite 

analyses (Table 4.8) have low analytical totals (<80 wt.%). These can be caused by partial 

oxidation or auto-oxidation of U+4 to U+6, water or hydroxyl groups adsorbed on the uraninite 

crystal structure, mineral inclusions or areas of alteration smaller than the electron beam 
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Fig. 4.23 Ternary diagram showing variations in Fe, Ni and Co (wt. %) for sulfide minerals as a 
function of depth in the C-10 alteration zone. Metamorphic pyrite from unaltered quartz-biotite-
garnet gneiss shown for comparison.  
 
 

 
Fig. 4.24 Ternary diagram showing variations in Fe, S, and Cu (wt. %) for sulfide minerals 
associated with perched uranium. 
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Table 4.5 Representative compositions in wt.% for sulfide minerals from the unconformity-related ore zone and underlying chlorite 
breccia. 

Lithology Ore zone Ore zone Ore zone Ore zone 
Chlorite 
breccia 

Chlorite 
breccia 

Chlorite 
breccia 

Chlorite 
breccia Ore zone 

Sample ID 
REA-165 

745.6 
REA-165 

745.6 
REA-165-1 

747.3 
REA-165-1 

747.3 
REA-165-1 

749.1 
REA-165-1 

748.8 

REA-
165-1 
749.1 

REA-
165-1 
749.1 

REA-165 
745.6 

Mineral 
type Py1 Py1 Py2 Py2 Py2 Py2 Py3 vein Py3 vein Ccp 
Fe 46.00 46.27 46.68 44.83 44.25 45.31 45.60 37.56 30.01 
Cu 0.52 0.03 0.03 1.27 0.03 0.71 0.50 4.38 34.64 
Co 0.01 0.01 0.01 0.03 0.44 0.01 0.01 0.93 0.01 
Ni 0.09 0.01 0.01 0.30 0.69 0.07 0.03 1.43 0.01 
Pb 0.26 0.08 0.06 0.10 0.25 0.06 0.08 0.46 0.22 
Mo 0.05 0.05 0.04 0.04 0.06 0.05 0.04 0.01 0.04 
As 0.13 0.01 0.16 0.28 0.60 0.01 0.01 0.64 0.06 
S 53.28 53.45 52.86 53.37 52.59 53.30 53.23 50.01 34.81 

Total 100.34 99.91 99.85 100.22 98.91 99.52 99.50 95.42 99.80 
 
 

Table 4.6 Representative compositions in wt.% for sulfide and sulfarsenide minerals from the C-10 alteration zone 

Lithology 

Shallow 
C-10 
AZ 

Shallow 
C-10 
AZ 

Shallow 
C-10 
AZ 

Shallow 
C-10 
AZ 

Shallow 
C-10 
AZ 

Mid 
C-10 
AZ 

Deep 
C-10 
AZ 

Qz-Bt-
Grt 

gneiss 
C-10 
FZ 

Sample 
ID 

REA-
165-3 
755.2 

REA-
165-3 
755.3 

REA-
165-3 
755.4 

REA-
165-3 
755.5 

REA-
165-3 
755.6 

REA-
165 

775.2 

REA-
165-1 
807.7 

REA-
165-4 
863.0 

REA-
165 

768.0 
Mineral 

type Vas1 Ni-py1 
Ni-py1 

rim Ni-py2 Grs Py1 Py1 Met Py Ccp 
Fe 12.03 38.90 33.80 34.82 0.44 43.16 46.38 46.57 30.11 
Cu 0.11 0.59 0.52 0.53 0.06 0.03 0.03 0.03 34.76 
Co 19.99 0.53 2.50 1.99 0.98 0.93 0.07 0.01 0.01 
Ni 22.24 6.16 7.30 8.42 34.58 1.97 0.56 0.01 0.01 
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Table 4.6 continued 
Pb 0.43 0.15 1.08 0.37 0.02 0.18 0.11 0.08 0.05 
Mo 0.21 0.04 0.01 0.01 0.01 0.05 0.02 0.04 0.01 
As 0.05 1.42 5.30 2.28 44.63 0.21 0.01 0.01 0.01 
S 40.17 51.75 49.27 50.94 19.66 53.39 52.90 53.71 34.67 

Total 95.24 99.55 99.79 99.36 100.38 99.92 100.07 100.46 99.63 
 

 
Table 4.7 Representative compositions in wt.% for sulfide minerals associated with perched uranium 

Lithology 
Perched 

U 
Perched 

U 
Perched 

U 
Perched 

U 

Below 
perched 

U 

Below 
perched 

U 
Perched 

U 
Sample 

ID 
REA-165 

620.1 
REA-165 

620.1 
REA-165 

620.1 
REA-165 

620.1 
REA-165 

620.3 
REA-165 

620.3 
REA-165 

620.1 
Mineral 

type Py1 Py1 Py2 Py2 Py2 Py2 Ccp 
Fe 46.95 46.73 46.30 46.08 45.49 44.35 30.18 
Cu 0.24 0.60 0.03 0.09 0.03 0.62 34.42 
Co 0.01 0.01 0.01 0.01 0.01 0.02 0.01 
Ni 0.01 0.01 0.01 0.01 0.01 0.02 0.01 
Pb 0.07 0.12 0.09 0.06 1.23 1.10 0.10 
Mo 0.04 0.04 0.05 0.02 0.01 0.01 0.01 
As 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
S 53.50 53.08 53.16 53.09 51.91 52.65 34.97 

Total 100.83 100.59 99.64 99.36 98.69 98.79 99.71 
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 Thorium is present in all unconformity-hosted uraninite analyses with ThO2 ranging from 

below the detection limit to 2.51 wt.%, with an average value of 0.6 wt.%. Thorium is also 

present in semi-quantitative EDXS analyses of APS minerals from the chlorite breccia (REA-144 

733.1) and the mid-C-10 alteration zone (REA-165 775.0). Some analyses have a significant 

amount of Si (Fig. 25), indicating coffinitization. Coffinite was not observed in BSE imagery, 

indicating that coffinite replacement, if it occurred, is at the sub-micron scale. 

 
Fig. 4.25. Ternary diagram of U-Si-Ca concentrations (wt. %) in unconformity-hosted uraninite 
and zircon-coffinite-xenotime-thorite replacement of zircon associated with the perched uranium 
occurrence. 
 
 
 Zircon, U alteration of zircon, and U-rich halos in kaolinite associated with the perched U 

occurrence were analyzed. Zircon is nearly endmember zircon (Tables 4.9 and 4.10, Figs. 4.26 

and 4.28), with approximately 1 wt.% HfO2. Uranium is below the detection limit in all zircon 

analyses. Thorium is elevated in parts of the zircon near U alteration. All zircon analyses have 

analytical totals near 100 wt.%, indicating the crystal analyzed has not been hydrated. Lack of 

hydration is consistent with a U-poor non-metamict zircon (Breiter et al., 2006). 
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 Analyses of U-altered zircon associated with the perched U occurrence (Tables 4.11 and 

4.12, Fig. 4.26) are consistent with a solid solution or mixture between the endmembers zircon, 

coffinite, xenotime, and thorite (Förster, 2006), with the zircon and coffinite components 

dominating the composition. The range of analytical totals for zircon-coffinite is 76.32-94.19 

wt.%, with an average of 87.24 wt.%. Low analytical totals in the zircon-coffinite-xenotime-

thorite system can be caused by the substitution of 4F- or 4OH- for 1SiO4
4-, or the incorporation 

of OH- into the metamict crystal structure (Speer, 1982; Pointer et al., 1988; Förster, 2006). 

Zircon enriched in U is typically enriched in F, with F contributing to low analytical totals 

(Breiter et al., 2006). Semi-quantitative EDXS analyses of U-altered zircon have F 

concentrations up to 1.7 atom%, not enough to completely account for low analytical totals. The 

full elemental dataset for zircon and U-altered zircon is provided in Appendix 1 supplemental 

electronic file: Fox_Lake_coffinite.xlsx. 

 

 Analyses of U-rich regions of the kaolinite matrix had consistently very low analytical 

totals of <70 wt.%, likely due to the admixture with hydrated kaolinite, and abundant interstitial 

space. These analyses are not reported, but they are roughly consistent with the analyses of 

zircon-coffinite alteration of zircon, suggesting that perched U occurs as submicron-scale 

nodules of zircon-coffinite interstitial to kaolinite, and in spatial association with the reduced 

mineral assemblage. 

 

 Phosphorus concentrations in unaltered zircon have a range of 0.05-1.68 wt.% P2O5, with 

an average of 0.25 wt.%. Higher P concentration in zircon correlate with proximity to zircon-

coffinite alteration. Uranium-altered zircon has significantly higher P concentrations, with a 

range of 9.71-12.88 wt.% P2O5, and an average value of 11.44 wt.%. Phosphorus enters the 

tetrahedral site in zircon through various metasomatic substitution reactions that also introduce 

additional non-formula cations (Breiter et al., 2006). Brabantite-type substitution, Ca2+ 

+(U+Th)4+ +2P5+ /°  2Zr4+ +2Si4+, is the means by which U enters the 8-coordinated site in 

zircon. Pretulite-type substitution, Sc3+ +P5+ /°  Zr4+ +Si4+, introduces Sc into the tetrahedral site. 

Berlinite-type substitution, P5+ +Al3+ /°  +2Si4+, introduces Al into the tetrahedral site. Xenotime-
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type substitution, (REE+Y)3+ +P5+ /°  Zr4+ +Si4+, introduces REE and Y into the 8-coordinated 

site.  

 

 An account of P was calculated by summing the atoms per formula unit (apfu) of P 

required for the above substitution mechanisms. In some analyses the amount of P required was 

slightly more than the total P analyzed. In most analyses the amount of P required greatly 

exceeds the P analyzed, indicating P-loss from a metamict crystal structure (Breiter et al., 2006). 

High-P but relatively low-REE content is indicative of the brabantite-type substitution reaction. 

The extremely high U concentrations suggest that brabantite-type substitution is responsible for 

the introduction of U, and the majority of the P into the zircon structure. Figure 4.27 show plots 

in apfu of the cations involved in these P substitution reactions and lines showing ideal 

stoichiometric substitution. The apfu values for U and P are consistent with brabantite-type 

substitution. The deficiency of Al, Sc, Y, and REE with respect to P suggests berlinite-, pretulite-

, and xenotime-type substitutions were insignificant compared with brabantite-type substitution.  

 

 Micron to submicron compositional heterogeneity in U-altered zircon is visible in high-

magnification BSE images (Fig. 4.29), with brightness correlated with U concentration. Uranium 

alteration is most intense along fractures and porosity in zircon. The scale of the compositional 

heterogeneity is approximately 1 µm, the same as the spot size used for analyses. It is possible 

that some analyses may be a mixture of zircon and zircon altered to coffinite, rather than one 

mineral phase. 

 
4.4 Discussion 

 

 The paragenesis from the unconformity-related ore zone, perched uranium, chlorite 

breccia, and the C-10 alteration zone have similarities that reflect physicochemical conditions 

that affected all the rocks altered at Fox Lake. All lithologies have pre-ore sulfide minerals that 

are corroded and replaced with Mg- or Fe-sudoite, indicative of oxidizing conditions. Corrosion 

of detrital and metamorphic quartz is associated with pervasive dravite and sudoite alteration. 

The discussion below highlights key minerals in the paragenesis that provide approximate 

physicochemical constraints to the ore forming system. 
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Fig. 4.26. Dodecahedral site occupancy ternary diagram for zircon and the U-altered zircon that 
constitutes the perched uranium occurrence. 
 

 
Fig. 4.27 Plots showing cations involved in the P substitution reactions for U-altered zircon. The 
dashed lines indicate ideal stoichiometric substitution for each reaction. 
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Table 4.8 Analyses for unconformity-hosted U mineralization, data in wt.%.   

Sample ID 
     

UO2 
    

ThO2 
     

PbO 
    

ZrO2 
    

HfO2 
    

SiO2 
   

Al2O3 
   

Sc2O3 
    

TiO2 
     

FeO 
    

Y2O3 
   

Sm2O3 
   

Er2O3 
     

CaO 
    

P2O5 
   

Total 
REA-165-1 

748.4 29.41 0.28 0.46 3.43 bdl 8.782 1.620 0.027 12.07 4.37 5.35 0.24 0.36 3.359 6.56 76.32 
REA-165-1 

747.3 38.52 1.22 0.34 0.34 bdl 16.284 5.074 0.300 0.32 3.41 1.78 0.35 0.28 0.743 1.80 70.77 
REA-165-1 

747.3 46.66 1.26 0.26 0.79 bdl 16.609 4.270 0.295 0.33 3.43 2.35 0.47 0.21 0.858 2.11 79.90 
REA-165-1 

747.3 48.51 1.02 0.35 0.44 bdl 12.663 0.717 0.286 0.50 2.27 1.94 0.46 0.38 0.868 2.09 72.49 
REA-165-1 

747.3 49.31 0.90 0.32 0.34 bdl 14.099 1.620 0.315 0.50 1.17 2.51 0.47 0.27 0.834 2.10 74.78 
REA-165-1 

747.3 39.31 2.51 0.33 1.28 bdl 18.216 4.821 0.292 0.27 3.51 2.11 0.34 0.17 0.773 2.17 76.11 
REA-165-1 

747.3 65.39 0.28 bdl 1.53 bdl 1.744 0.120 0.023 0.74 1.03 bdl 0.11 bdl 1.017 0.30 72.29 
REA-165-1 

747.3 64.16 0.29 bdl 1.52 bdl 1.885 0.129 0.013 1.07 1.76 bdl 0.09 bdl 1.057 0.28 72.25 
REA-165-1 

747.3 63.47 0.28 bdl 1.80 bdl 1.947 0.182 bdl 1.33 1.56 bdl 0.09 bdl 0.972 0.29 71.93 
REA-165-1 

747.3 64.18 0.22 bdl 1.72 bdl 1.480 0.149 0.017 0.92 1.21 bdl 0.09 bdl 1.196 0.27 71.46 
REA-165-1 

747.3 64.08 0.25 bdl 1.34 bdl 2.060 0.421 0.025 0.56 1.48 bdl 0.13 bdl 1.082 0.26 71.68 
REA-165-1 

747.3 65.67 0.25 0.08 1.55 bdl 1.703 0.167 0.015 0.75 1.13 bdl 0.12 bdl 1.010 0.28 72.72 
REA-165-1 

747.3 64.05 0.29 0.68 1.64 bdl 1.942 0.146 bdl 1.04 1.72 bdl 0.11 bdl 1.011 0.28 72.90 
REA-165-1 

747.3 64.93 bdl bdl 1.95 bdl 2.355 0.122 0.023 0.51 1.00 bdl 0.10 bdl 0.811 0.28 72.08 
REA-165-1 

747.3 65.36 0.02 bdl 2.06 bdl 2.275 0.127 0.021 0.59 1.00 bdl 0.08 bdl 0.781 0.28 72.61 
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Table 4.8 continued 
REA-165-1 

747.3 53.09 bdl 0.79 2.33 bdl 7.560 4.932 0.027 0.11 4.84 bdl 0.07 bdl 0.704 0.27 74.72 
REA-165-1 

747.3 60.10 bdl bdl 4.02 bdl 4.418 2.484 0.022 0.22 3.10 bdl 0.07 bdl 0.679 0.34 75.45 
REA-165-1 

747.3 60.22 bdl bdl 5.77 bdl 1.478 0.628 0.044 0.34 3.59 bdl 0.10 bdl 0.585 0.42 73.17 
REA-165-1 

747.3 66.05 bdl bdl 1.34 bdl 2.294 0.115 0.042 0.36 1.04 bdl 0.07 bdl 0.838 0.25 72.40 
REA-165-1 

747.3 62.36 0.50 2.79 2.45 bdl 2.408 0.129 bdl 0.94 0.92 bdl 0.05 bdl 1.068 0.34 73.96 
REA-165-1 

747.3 48.54 2.10 1.75 8.62 0.14 3.112 0.484 0.014 3.65 7.25 bdl 0.04 bdl 0.787 0.68 77.18 
REA-165-1 

747.3 49.74 0.82 1.50 9.62 bdl 3.271 0.654 bdl 1.81 10.75 bdl 0.07 bdl 0.719 0.55 79.51 
REA-165-1 

747.3 45.95 0.83 1.89 9.76 bdl 3.281 0.541 0.020 1.79 9.45 bdl 0.03 bdl 0.625 0.58 74.75 
REA-165-1 

747.3 49.37 0.80 1.46 9.69 bdl 3.012 0.672 0.025 1.72 11.72 bdl 0.06 bdl 0.666 0.59 79.78 
REA-165-1 

747.3 49.06 0.87 1.65 9.57 bdl 2.756 0.530 0.023 1.80 9.71 bdl 0.05 bdl 0.693 0.56 77.26 
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Table 4.9 Analyses for zircon associated with perched U mineralization, data in wt.%.   
Spot 
ID 

    
ZrO2 

    
HfO2 

    
SiO2 

    
ThO2 

   
Sm2O3 

   
Al2O3 

   
Sc2O3 

    
V2O3 

   
Cr2O3 

     
FeO 

     
CoO 

     
WO3 

     
CaO 

    
P2O5 

   
Total 

1 66.11 1.21 34.193 bdl bdl bdl bdl bdl bdl bdl bdl 0.07 bdl 0.07 101.65 
2 65.92 1.07 34.101 bdl bdl bdl 0.016 bdl bdl bdl bdl 0.08 bdl 0.07 101.26 
3 66.14 1.22 34.375 bdl bdl bdl bdl bdl bdl bdl bdl 0.09 bdl 0.06 101.89 
4 66.25 1.20 34.563 bdl bdl bdl bdl bdl bdl bdl bdl 0.05 bdl 0.06 102.12 
5 64.99 1.10 33.188 bdl bdl 0.050 0.083 0.04 bdl 0.18 bdl 0.04 0.069 0.37 100.11 
6 62.64 1.20 30.693 0.04 0.05 0.169 0.155 0.07 bdl 0.41 bdl 0.05 0.148 1.68 97.30 
7 64.46 0.98 32.864 0.03 bdl 0.094 0.046 bdl bdl 0.17 bdl 0.05 0.095 0.59 99.38 
8 65.66 1.10 33.909 bdl bdl bdl bdl bdl bdl 0.05 bdl 0.13 bdl 0.06 100.90 
9 66.01 1.34 34.195 0.02 bdl bdl bdl bdl bdl 0.06 bdl 0.12 bdl 0.05 101.80 
10 67.25 1.13 34.542 bdl bdl bdl 0.012 bdl bdl 0.04 0.03 0.08 bdl 0.07 103.16 
11 65.76 1.05 34.012 bdl bdl bdl bdl bdl bdl 0.10 bdl 0.12 bdl 0.07 101.12 
12 64.43 1.12 34.468 bdl bdl bdl bdl bdl bdl 0.09 bdl 0.09 bdl 0.05 100.25 
13 64.92 1.07 33.465 bdl bdl bdl bdl bdl 0.02 0.06 bdl 0.08 bdl 0.06 99.68 

 
 

Table 4.10 Site occupancy of major cations in zircon based on four O. 
Spot ID SiIV Zr VIII  Hf VIII  

1 1.02 0.96 0.01 
2 1.02 0.96 0.01 
3 1.02 0.96 0.01 
4 1.03 0.96 0.01 
5 1.01 0.96 0.01 
6 0.96 0.95 0.01 
7 1.00 0.96 0.01 
8 1.02 0.96 0.01 
9 1.02 0.96 0.01 
10 1.02 0.97 0.01 
11 1.02 0.96 0.01 
12 1.04 0.95 0.01 
13 1.02 0.96 0.01 
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Table 4.11 Analyses for U-altered zircon, data in wt.%. Full elemental dataset in Appendix 1.  

Spot ID UO2 ZrO2 HfO2 ThO2 
 

Sc2O3 Y2O3 SiO2 Al2O3 TiO2 V2O3 FeO CoO CaO P2O5 SO3 Total 
1 13.00 33.36 1.56 0.41 0.956 1.76 9.768 0.917 0.60 0.44 3.00 0.17 1.163 10.12 2.277 79.72 
2 13.91 36.29 1.08 0.46 1.044 0.89 10.922 1.029 0.65 0.44 2.94 0.15 1.374 10.88 2.722 85.00 
3 12.58 34.04 1.15 0.49 0.982 0.53 8.872 0.817 0.66 0.43 2.73 0.14 1.296 9.76 1.987 76.74 
4 11.45 42.45 1.18 0.41 0.912 0.52 14.047 1.222 0.62 0.34 2.92 0.21 1.235 10.41 1.117 89.31 
5 20.40 35.08 1.23 0.66 0.828 0.63 11.136 0.941 0.67 0.50 3.17 0.14 1.460 11.80 0.283 89.40 
6 19.96 36.53 1.14 0.73 0.844 bdl 11.822 0.952 0.65 0.52 2.92 0.17 1.511 12.11 0.412 90.55 
7 20.11 31.46 1.10 0.71 0.847 0.66 8.468 1.080 0.68 0.58 3.48 0.20 1.422 10.85 0.910 82.95 
8 22.53 33.15 1.12 0.62 0.740 0.62 10.523 0.771 0.66 0.61 4.22 0.22 1.381 12.37 0.831 90.76 
9 22.04 34.39 1.14 0.62 0.791 0.60 11.084 0.989 0.65 0.58 3.21 0.20 1.454 12.09 0.592 90.82 
10 24.12 32.37 0.96 0.61 0.719 0.49 10.740 0.929 0.66 0.66 3.88 0.27 1.448 12.76 1.003 92.02 
11 23.27 28.75 1.04 0.47 0.707 0.54 9.487 0.725 0.64 0.81 4.60 0.22 1.452 11.55 1.480 86.08 
12 21.65 27.69 0.98 0.54 0.739 0.61 9.171 0.673 0.62 0.63 3.90 0.25 1.434 10.11 0.888 80.29 
13 22.82 28.62 1.11 0.54 0.666 0.60 9.848 0.843 0.64 0.63 4.07 0.25 1.414 11.38 1.769 85.51 
14 20.39 32.04 1.18 0.64 0.798 0.61 10.034 0.782 0.67 0.52 3.88 0.21 1.399 11.26 0.361 85.21 
15 19.92 33.35 1.17 0.65 0.788 0.55 10.982 0.947 0.65 0.55 3.67 0.26 1.330 11.33 1.484 87.96 
16 23.31 30.09 1.12 0.57 0.632 0.28 12.444 1.063 0.70 0.54 3.66 0.27 1.299 12.01 1.816 90.11 
17 22.12 28.94 1.04 0.62 0.651 0.58 8.745 0.786 0.68 0.60 4.04 0.35 1.379 10.90 1.944 84.12 
18 24.09 32.35 1.14 0.56 0.695 0.43 10.641 0.978 0.69 0.62 4.31 0.27 1.411 12.88 1.389 92.81 
19 20.62 27.53 1.35 0.59 0.649 0.67 9.337 0.849 0.61 0.56 4.05 0.37 1.319 10.16 1.916 81.11 
20 23.00 33.00 1.11 0.69 0.688 0.52 11.053 1.008 0.67 0.63 3.79 0.24 1.279 12.20 1.333 91.46 
21 23.27 30.42 1.04 0.58 0.638 0.69 9.949 0.768 0.63 0.76 4.83 0.25 1.192 10.86 0.865 87.25 
22 23.21 32.56 1.30 0.68 0.700 0.64 10.974 1.159 0.67 0.60 3.88 0.22 1.298 12.24 1.410 91.98 
23 21.43 35.10 1.26 0.81 0.793 0.63 11.410 1.194 0.66 0.57 3.32 0.30 1.405 12.34 0.394 91.97 
24 21.67 31.91 1.09 0.76 0.748 0.63 10.013 0.879 0.69 0.61 3.55 0.27 1.381 11.76 1.879 88.33 
25 19.75 33.84 1.20 0.76 0.807 0.56 10.203 0.890 0.65 0.58 3.31 0.26 1.408 11.56 0.688 86.89 
26 20.13 37.98 1.27 0.73 0.845 0.48 12.034 0.988 0.70 0.57 3.84 0.27 1.412 11.32 1.392 94.19 
27 20.38 36.41 1.17 0.65 0.806 0.33 11.384 0.955 0.71 0.60 3.87 0.20 1.338 12.49 0.347 92.01 
28 21.44 33.85 1.21 0.64 0.787 0.55 10.820 0.978 0.67 0.61 3.76 0.20 1.417 12.02 1.329 90.69 
29 21.36 29.40 1.16 0.59 0.691 0.53 8.563 0.722 0.60 0.67 3.83 0.25 1.322 11.21 1.938 83.23 
30 23.96 29.86 1.05 0.63 0.667 0.40 9.734 0.816 0.71 0.73 4.30 0.35 1.452 12.07 1.279 88.36 
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Table 4.11 continued 
31 18.18 27.70 1.20 0.66 0.811 0.58 8.184 0.661 0.64 0.59 3.90 0.25 1.366 9.71 1.366 76.32 
32 22.11 32.20 1.17 0.61 0.713 0.62 9.862 0.759 0.67 0.65 4.08 0.26 1.324 11.59 1.434 88.50 

 
 

Table 4.12 Site occupancy of major cations in U-altered zircon based on four O. 
Spot 
ID SiIV PIV Al IV 

Total 
IV ZrVIII  HfVIII  ThVIII  UVIII  (Y+Sm+Er)VIII  FeVIII  

Total 
VIII 

1 0.41 0.36 0.05 0.82 0.68 0.02 0.00 0.12 0.04 0.11 0.97 
2 0.42 0.36 0.05 0.83 0.69 0.01 0.00 0.12 0.02 0.10 0.94 
3 0.39 0.36 0.04 0.79 0.73 0.01 0.00 0.12 0.02 0.10 0.98 
4 0.51 0.32 0.05 0.89 0.76 0.01 0.00 0.09 0.01 0.09 0.97 
5 0.44 0.39 0.04 0.88 0.67 0.01 0.01 0.18 0.02 0.10 0.99 
6 0.45 0.39 0.04 0.89 0.68 0.01 0.01 0.17 0.00 0.09 0.97 
7 0.37 0.40 0.06 0.82 0.66 0.01 0.01 0.19 0.02 0.13 1.02 
8 0.41 0.41 0.04 0.86 0.63 0.01 0.01 0.20 0.02 0.14 1.00 
9 0.43 0.40 0.05 0.87 0.65 0.01 0.01 0.19 0.01 0.10 0.98 
10 0.41 0.42 0.04 0.87 0.61 0.01 0.01 0.21 0.01 0.13 0.97 
11 0.39 0.41 0.04 0.84 0.58 0.01 0.00 0.22 0.01 0.16 0.99 
12 0.41 0.39 0.04 0.84 0.61 0.01 0.01 0.22 0.02 0.15 1.01 
13 0.41 0.40 0.04 0.85 0.58 0.01 0.01 0.21 0.02 0.14 0.96 
14 0.42 0.40 0.04 0.86 0.65 0.01 0.01 0.19 0.02 0.14 1.01 
15 0.43 0.38 0.04 0.86 0.64 0.01 0.01 0.18 0.01 0.12 0.97 
16 0.48 0.39 0.05 0.91 0.56 0.01 0.00 0.20 0.01 0.12 0.90 
17 0.37 0.39 0.04 0.81 0.60 0.01 0.01 0.21 0.02 0.14 0.99 
18 0.40 0.41 0.04 0.86 0.60 0.01 0.00 0.20 0.01 0.14 0.97 
19 0.41 0.38 0.04 0.83 0.59 0.02 0.01 0.20 0.02 0.15 0.98 
20 0.43 0.40 0.05 0.87 0.62 0.01 0.01 0.20 0.01 0.12 0.97 
21 0.41 0.38 0.04 0.83 0.62 0.01 0.01 0.22 0.02 0.17 1.03 
22 0.42 0.40 0.05 0.87 0.61 0.01 0.01 0.20 0.02 0.12 0.96 
23 0.44 0.40 0.05 0.89 0.65 0.01 0.01 0.18 0.01 0.11 0.98 
24 0.40 0.40 0.04 0.84 0.62 0.01 0.01 0.19 0.02 0.12 0.96 
25 0.41 0.40 0.04 0.85 0.67 0.01 0.01 0.18 0.02 0.11 0.99 
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Table 4.12 continued 
26 0.44 0.35 0.04 0.84 0.68 0.01 0.01 0.17 0.01 0.12 1.00 
27 0.43 0.40 0.04 0.88 0.67 0.01 0.01 0.17 0.01 0.12 0.99 
28 0.42 0.39 0.04 0.86 0.64 0.01 0.01 0.18 0.01 0.12 0.97 
29 0.37 0.41 0.04 0.81 0.61 0.01 0.01 0.20 0.02 0.14 0.98 
30 0.39 0.41 0.04 0.85 0.59 0.01 0.01 0.22 0.01 0.15 0.98 
31 0.38 0.38 0.04 0.80 0.63 0.02 0.01 0.19 0.02 0.15 1.01 
32 0.40 0.39 0.04 0.83 0.63 0.01 0.01 0.20 0.02 0.14 1.00 

 
 
 

 

    Fig. 4.28 Electron microprobe analysis spot locations for A. zircon and B. uranium-altered zircon.   
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Fig. 4.29 High-resolution BSE images of unaltered zircon in contact with uranium-altered zircon. 
Uranium-altered zircon is compositionally heterogeneous on the micron to submicron scale, with 
U-rich regions near fractures and porosity in the zircon.  
 
 

4.4.1 Pre-ore alteration 

 

 Fayek and Kyser (1997) propose that alteration of detrital fluorapatite in the Athabasca 

Group to F-poor APS minerals, liberated F into basinal fluids, and that fluoride and phosphate 

complexes were a significant means of transporting U and REE during the precipitation of 

primary uraninite. Both uranium fluoride and phosphate complexes are significant at a pH of 

�a���������D�Q�G���D���O�R�J���¦O2 < -35 at 200°C (Langmuir, 1978; Janeczek and Ewing, 1992), providing an 

approximate value for the pH and oxygen fugacity in uraniferous basinal fluids.  

 

 Previous studies of hydrothermal breccia associated with unconformity-related uranium 

deposits note the quartz corrosion observed in the current study, and conclude that the 

morphology of corroded quartz is consistent with a chemical rather than mechanical origin 

(Lorilleux et al., 2002). The nearly complete corrosion of detrital and euhedral quartz in 

sandstone-hosted ore bodies indicates that quartz corrosion serves an important role in making 

space for the precipitation of massive uraninite (Cuney, 2009). 

 

 This study has shown that the quartz corrosion event was followed by the formation of 

the minerals F-bearing Mg-sudoite, dravite (Adlakha, 2016), fluorapatite, and Fe-sudoite. This 

suggests that fluids involved in the formation of the oxidized mineral assemblage were F-
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bearing, and that aqueous fluoride may have played a role in quartz corrosion (Mitra and 

Rimstidt, 2009). Alternatively, experiments by Dove and Nix (1997) show that the presence of 

group I and II cations in hydrothermal fluids significantly enhances quartz dissolution rates. The 

association of corroded quartz with Mg-sudoite, dravite, and fluorapatite alteration is consistent 

with the presence of Mg- and Ca-bearing fluids, suggesting that a fluid rich in these cations may 

have enhanced quartz dissolution. Fluid inclusion studies at the nearby McArthur River uranium 

mine by Derome et al. (2005) indicate the presence of CaCl2 and MgCl2 in fluids near the P2 

fault. They suggest the addition of Ca and Mg to fluids occurred during interaction of NaCl-rich 

basinal fluids with the metamorphic basement. Bleaching of the C-10 alteration zone may have 

been a result of leaching of Ca and Mg from feldspar and biotite. This may explain why quartz 

corrosion is most intense in sudoitized sandstone at the unconformity and in sudoitized basement 

rocks. The B needed to form dravite is likely derived from evaporite beds in the Athabasca 

Group, and is consistent with the source of the primary NaCl-rich fluids as proposed by Derome 

et al. (2005). 

 

 Comparison of fluoride- and group II cation-facilitated quartz dissolution rates at a pH of 

~5 shows that group II cations have a significantly greater impact on dissolution rates than 

fluoride, except at fluoride concentrations > 1.0 mol/kg (Dove and Nix, 1997; Mitra and 

Rimstidt, 2009). Typical fluoride concentrations in basinal brines are approximately 1x10-6 to 

1.0x10-4 mol/kg (White, 1963), with Fayek and Kyser (1997) using a value of ~5.0x10-3 mol/kg 

for F-rich fluids in the Athabasca Basin; at these fluoride concentrations group II elements are 

orders of magnitude more effective at increasing quartz dissolution rates. This suggests that the 

incorporation of group II cations into basinal fluids during the alteration of the basement along 

the C-10 fault played a key role in facilitating quartz corrosion and making space for uraninite 

ore bodies. 

 

 Dravite-sudoite alteration is invariably followed by a reduced mineral assemblage 

consisting of euhedral pyrite, chalcopyrite, and Ni-Co sulfarsenide minerals. Other reduced 

phases are present depending on the lithology and proximity to the unconformity. Primary 

uraninite mineralization occurred at the unconformity along with precipitation of the reduced 

mineral assemblage. A post-ore oxidation event is represented by secondary uranium phosphate 
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minerals, alteration of galena to anglesite, and partial hematization of pyrite. Late stage 

carbonate veins are common in all lithologies except for perched uranium occurrences.  

 

 Replacement of pre-ore sulfide minerals by Mg- and Fe-sudoite in the unconformity-

related ore zone, chlorite breccia, and the shallow C-10 alteration zone is characteristic of the 

paragenesis immediately before precipitation of the reduced mineral assemblage. This suggests 

that pre-ore sulfide minerals were oxidized by basinal brine, with incorporation of the resulting 

Fe3+ into the sudoite structure, and the consequent reduction of the basinal fluids.  

 

 Sudoite is a di-trioctahedral chlorite that can incorporate Fe3+ into the dioctahedral layer. 

Billault et al. (2002) and Ng et al. (2013) conducted studies on the structure and chemistry of Fe-

sudoite from the Athabasca Basin. Using Mössbauer spectroscopy these authors confirmed that 

significant amounts of Fe3+ is incorporated in the sudoite structure, with as much as 56-60% of 

the total iron being Fe3+. Ng et al. noted that sudoite surrounding uraninite deposits contained 

more total Fe than sudoite from barren locations, and proposed that higher concentrations of 

mobile Fe2+ contributed to U mineralization. We propose that sandstone-hosted Py1 provides an 

abundant source of Fe2+, which when oxidized is incorporated into Fe-sudoite. 

 

4.4.2 Ore-stage alteration 

 

 Sulfide minerals The trend towards increasing Cu contents over time in sulfide minerals 

from the unconformity-related ore zone, chlorite breccia, and the C-10 alteration zone is most 

easily explained by the continual reduction of Cu from the basinal fluid during formation of the 

reduced mineral assemblage. Abundant red-bed sandstone in the Manitou Falls Formation are the 

most likely source of Cu.  Increasing Ni and Co contents in sulfide minerals as a function of 

proximity to the unconformity suggest a basinal source for Ni and Co, and decreasing fluid-rock 

ratios with depth below the unconformity. The gradation of chlorite compositions in the C-10 

alteration zone from clinochlore-amesite to Mg-sudoite with proximity to the unconformity also 

suggest decreasing basinal fluid-rock ratios with depth below the unconformity. Chlorite from 

the unconformity-related ore zone, chlorite breccia, and the intersection of the C-10 alteration 
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zone with the unconformity have elevated Fe contents, indicative of a reaction at the 

unconformity supplying Fe for incorporation into Fe-sudoite. 

 

 The lack of petrographic evidence for significant graphite destruction, and the 

paragenetic relationship of hydrocarbon buttons after primary uraninite mineralization supports 

the contention of Kyser et al. (1988) that graphite does not play a significant role as a reductant 

in unconformity-related deposits. It is likely as Kyser et al. (1989) hypothesize, that H2 derived 

from the radiolysis of water by primary uraninite reacts with graphite, producing methane that 

ultimately forms hydrocarbon buttons such as the trace amounts observed at Fox Lake.  

 

 The occurrence of marcasite in the chlorite breccia can be used as a constraint on the 

physicochemical conditions during formation of the reduced mineral assemblage between the 

formation of euhedral Py2 and vein-hosted Py3. Experiments by Murowchick and Barnes (1986) 

determined that marcasite forms under a restricted set of conditions with a pH < 5, temperature < 

240°C, and in the presence of aqueous H2S2. Preservation of marcasite over multi-million year 

timescales requires post-formation temperatures < 160°C. Pyrite forms at a pH > 5 where 

aqueous HS2- dominates over H2S2. The occurrence of euhedral Py2 before the precipitation of 

marcasite, and vein-hosted Py3 after the precipitation of marcasite indicates a transient drop in 

pH possibly related to the oxidation of Py2 in the ore zone and the replacement of Py2 by Urn1 

(Reynold and Goldhaber, 1983; Murowchick and Barnes, 1986). 

 

 Uranium minerals Thorium has a single tetravalent oxidation state and readily substitutes 

for U+4 in uraninite. Unlike U which is easily mobilized by aqueous solutions upon oxidation of 

U+4 to U+6, Th is not affected by redox processes, and is immobile unless fluoride ions are 

present (Finch and Murakami, 1999; Hazen et al., 2009). The presence of Th in APS minerals 

and uraninite suggests the removal of fluoride from the ore-forming fluid, perhaps as 

consequence of the intense fluorapatite, dravite, and sudoite alteration in the C-10 alteration 

zone; and quartz destruction and sudoitization near the unconformity. If this is the case, then 

alteration of the C-10 alteration zone and rocks near the unconformity may have immediately 

preceded unconformity-hosted uraninite precipitation.  
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 Uranyl fluoride complexes are significant at pH <5, with phosphate complexes significant 

over a pH range of 4.0-7.5 (Langmuir, 1978). Constraints on pH from the presence of marcasite 

show that pH values were at least transiently within the U-fluoride and well within the U-

phosphate complex dominated regimes. Fayek and Kyser (1997) note that U-chloride complexes 

may play a role in high-salinity fluids. Removal of fluoride and phosphate from solution through 

mineral precipitation reduces the mobility of U4+ and contributes to uraninite or coffinite 

precipitation (Langmuir, 1978). The presence of intense fluorapatite, sudoite, and dravite 

alteration before uraninite precipitation suggests that removal of fluoride and phosphate from 

basinal fluids may have contributed to the formation of uraninite ore bodies.  

 

 The U-altered zircon associated with the perched U occurrence has exceptionally high U 

concentrations for zircon, up to 24.1 wt% UO2. The current maximum U concentration for a 

zircon is 14.8 wt.% UO2 from the P-rich granite at Podlesí, Czech Republic (Förster, 2006). 

Studies of the USiO4-ZrSiO4 system suggest that there is a miscibility gap for zircon-coffinite 

solid solutions, with a maximum coffinite content of 4.0±2.0 mole % in zircon (Mumpton and 

Roy, 1960, Speer, 1980; Speer and Cooper, 1982). Every analysis of U-altered zircon indicates 

substantially more of the coffinite component than maximum possible coffinite content noted 

above. The micron to submicron compositional heterogeneity seen in high-magnification BSE 

imagery (Fig. 29) suggests that there may be discreet zones of coffinite and zircon smaller than 

the analytical spot size. If this is the case, then analyses represent an averaged zircon and 

coffinite composition. 

 

4.4.3 Genetic Model 

 

 Unconformity-hosted U It is hypothesized here that oxidized basinal fluids penetrated 

into the basement along the unconformity near the C-10 fault, and became reduced upon the 

oxidation of fault- and sandstone-hosted Fe-vaesite and pyrite. The resulting Fe3+ was 

incorporated into sudoite formed by coeval chloritization of the host rock, and what SO4
2- did not 

remain in solution was incorporated into APS minerals. Sulfur isotope investigations of sulfide 

and sulfarsenide minerals at Fox Lake have �G34S values of ~0 to 10�Å���I�R�U���P�H�W�D�P�R�U�S�K�L�F���S�\�U�L�W�H��

and pre-ore sandstone-hosted pyrite; while Ni-py2, and sulfide minerals in the middle C-10 



 154 

alteration zone have �G34S values of ~ -5 to -25�Å����Chapter 5 of this thesis). These results are 

consistent with the oxidation of pyrite by thiosulfate disproportionation and the paragenesis 

developed in this study; and explain the establishment of reducing conditions at the 

unconformity during the oxidation of pyrite (Granger and Warren, 1969; Goldhaber et al., 1978; 

Uyama et al., 1985). Langmuir (1978) and Scott et al. (2007) contend that oxidation of Fe2+ in 

pyrite to Fe3+ and SO4
2- is a potential reduction reaction to precipitate uraninite and coffinite. 

This reduction mechanism is consistent with the petrographic observations of uraninite replacing 

Py2 and compositional analysis of Fe-sudoite seen replacing Py1 reported in the current study. 

 

 Mobility of U+4 is suppressed by removal of fluoride and phosphate from solution by 

means of precipitation of phosphate and F-bearing minerals (Langmuir, 1978), and may have 

contributed to precipitation or stabilization of uraninite and coffinite. The paragenetic 

relationships between fluorapatite, sudoite, dravite and uraninite supports the hypothesis of 

removal of fluoride from ore-forming fluids and the precipitation and stabilization of Th-bearing 

uraninite.   

 

 Perched-U Perched U occurrences at Fox Lake have a composition consistent with a 

solid solution or mixture of zircon and coffinite. Analyses of U-altered of zircon suggests that 

kaolinite-hosted U mineralization consists of the same phase. The association of kaolinite-hosted 

U with sulfide minerals indicates that U is reduced, also consistent with a solid solution or 

mixture of zircon and coffinite.   

 

 Perched-U at Fox Lake is structurally controlled by steeply dipping faults. The fault 

enhanced fluid flow and heavy mineral beds including detrital pyrite and zircon provided a 

chemical control on mineralization. The high U activity in fluids needed for U alteration of 

zircon was possibly caused by remobilization of unconformity-hosted U. The remobilized U was 

transported above the unconformity along the fault and precipitated upon encountering reduced 

sulfide minerals.   
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Fig. 4.30 Schematic cross-section depicting proposed genetic model for the Fox Lake uranium 
deposit. 
 

4.5 Conclusions 

 

 The alteration paragenesis at Fox Lake comprises emplacement of sandstone-hosted 

pyrite and basement-hosted Fe-vaesite veins, quartz corrosion followed by an oxidized mineral 

assemblage, a reduced mineral assemblage, and late U-phosphate, hematite, and carbonate 

alteration. Core logging has shown that the sandstone proximal to the C-10 fault hosts abundant 

pre-ore pyrite. Quartz corrosion is most intense near the unconformity, and played a critical role 

in making space for uraninite ore bodies. Sandstone-hosted pyrite is corroded and replaced by 

Fe-sudoite, constituting a Fe3+/Fe2+ redox couple, suggesting that oxidizing basinal fluids are 

responsible for alteration of the pyrite. Sulfur isotope analysis of sulfide and sulfarsenide 
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minerals indicates that oxidation of pyrite occurred by thiosulfate disproportionation. Thiosulfate 

disproportionation increases the reduction potential through precipitation of a second generation 

of pyrite, is a key component in the reduction of U in roll-front deposits, and likely serves as the 

primary mechanism for establishing reducing conditions in unconformity-related uranium 

deposits. Electron microprobe analysis of chlorite and sulfide minerals from the C-10 alteration 

zone suggests the ingress of basin derived fluids into the basement along the C-10 fault zone, 

with the fluids becoming increasingly rock buffered with depth. 
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Abstract 

 The Fox Lake unconformity-related U deposit is located in the eastern Athabasca Basin, 

10 km west of the McArthur River U deposit. Fox Lake is a complex-type deposit with abundant 

sulfide and sulfarsenide minerals. Here we report a new paragenetic sequence for alteration 

minerals, compositional data for sulfide and sulfarsenide minerals determined by electron 

microprobe analysis, and MC-LA-ICP-MS measurements of sulfur isotopes in sulfide and 

sulfarsenide minerals.  

 

 Petrographic and sulfur isotope investigations show that the large amount of pre-ore 

pyrite occurring in sandstone above the C-10 fault was oxidized by thiosulfate disproportionation 

and replaced by Fe-sudoite and a second generation of pyrite. The evidence suggests that the 

oxidation of pre-ore sulfide minerals by basinal fluids resulted in the precipitation of uraninite. 

These results are consistent with the genetic model proposed for the world-class McArthur River 

unconformity-related U deposit, and supports a general genetic model for unconformity-related 

U deposits that invokes the oxidation of pre-ore pyrite by thiosulfate disproportionation as the 

key reduction mechanism for the formation of uraninite ore bodies. 
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Introduction 

 

 The Fox Lake uranium deposit is an unconformity-related uranium deposit in the eastern 

Athabasca Basin, Canada. Ore bodies are located at the intersection of the C-10 fault zone and 

the unconformity between the basal conglomerate of the Manitou Falls Formation and 

metamorphic basement rock. Fox Lake has inferred resources of 386,700 tons with an average 

grade of 7.99% U3O8 equivalent (Cameco, 2015). 

 

 Traditional genetic models for unconformity-related uranium deposits are based on the 

water solubility of the oxidized uranyl ion (UO2 2+) and insolubility of reduced UO2. Uranium is 

leached from U-bearing detrital minerals in basinal sedimentary rocks, or from uranium-bearing 

minerals in the shallow metamorphic basement by oxidizing basinal fluids. The uraniferous fluid 

flows through rocks at the unconformity and interacts with a reductant, precipitating uraninite 

(UO2) from solution and forming ore bodies (Hoeve and Sibbald, 1978). The nature of the 

reductant is unknown (Mercadier et al., 2010; Adlakha and Hattori, 2015), with hypotheses 

invoking reducing basement rock (Hoeve and Sibbald, 1978) or basement-derived reducing 

fluids (Wilson and Kyser, 1987). 

 

 Investigations of S isotope fractionation can elucidate the processes involved in redox 

reactions between sulfide minerals and hydrothermal fluids (Ohmoto and Lasaga, 1982; Uyama 

et al., 1985). The association of syngenetic sulfide minerals with uraninite makes S isotope 

analysis ideal for investigating redox reactions during the formation of unconformity-related U 

deposits. Here we review key observations supporting the mineral paragenesis and pyrite 

oxidation, and report new multicollector LA-ICP-MS sulfur isotope investigations of sulfide and 

sulfarsenide minerals at Fox Lake. The results of sulfur isotope investigations reported here have 

significant implications for the genesis of unconformity-related uranium deposits. 
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5.1 Geological Background 

 

 The Fox Lake uranium deposit is located in the eastern Athabasca Basin, approximately 

10 km due west of the McArthur River unconformity-related uranium deposit (Fig. 5.1). The 

location of ore bodies are controlled by the intersection of the east-west trending C-10 strike-slip 

fault with the unconformity between the 1800-1840 Ma metamorphic basement rocks primarily 

composed of pelite and the overlying Manitou Falls sandstone, which represents a member of the 

1680-1750 Ma Athabasca Group (Fig. 5.2) (Annesley et al. 2005). In the eastern Athabasca basin 

the northeast trending faults typically show post-Athabasca reverse displacement (e.g. McArthur 

River) and the E-W (e.g. Cigar Lake and Fox Lake) and ENE (e.g. C-10) faults appear to 

indicate post-Athabasca strike-slip displacement. The key features of Fox Lake and Cigar Lake 

are the E-W orientation, the lack of significant vertical offset at the unconformity-fault 

intersection other than a small positive flower structure, the limited depth extent of the 

mineralization, and an ore-stage polymetallic mineral assemblage. The Fox Lake and Cigar Lake 

deposits are both associated with intensely altered mylonitic zones in the basement.  

 

 Unconformity-related uranium ore bodies in the Athabasca Basin are classified as 

mineralogically simple or complex (Fayek and Kyser, 1997; Kyser and Cuney, 2009). Simple 

deposits consist of relatively pure uraninite are generally located greater than 50 m below the 

unconformity within the basement. In contrast, complex ore bodies are sandstone-hosted and 

contain sulfide and Co-Ni sulfarsenide minerals in addition to uraninite. Ore bodies at Fox Lake 

and Cigar Lake are of the complex type (Bruneton, 1987).  

 

5.2 Methods and Materials 

 

 Field work performed at Fox Lake consisted of drill core logging and the collection of 

representative samples for laboratory investigations. Drill holes REA-165, REA-165-1, REA-

165-3, and REA-165-4 were logged from the sandstone above the unconformity, through the ore 

body, chlorite breccia below the ore body, the C-10 fault zone, altered rock below the C-10 fault, 

and into fresh rock deeper in the basement (Fig. 5.1). A total of 400 m of drill core was logged. 

Core logging consisted of identifying major minerals, describing rock type and fabric, noting 
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alteration styles and bleaching with their relative intensity, and measuring depths of fault zones. 

Representative samples of altered and unaltered sedimentary and basement rock were collected. 

All samples were labelled using the drill hole identification and depth interval. Emphasis was 

placed on selecting unaltered, altered, ore-bearing, and sulfide-bearing samples for thin section 

preparation, petrographic, XRD, and trace element, and MC-LA-ICP-MS sulfur isotope 

investigations. 

 

 
Fig. 5.1. Map of basement geology at the unconformity, and cross-section showing the locations 
of the drill cores logged and sampled for this study. 
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 In situ measurements of the sulfur isotopic composition of sulfide and sulfarsenide 

minerals were conducted at the U.S. Geological Survey in Denver, Colorado, using a Nu 

Instruments laser ablation-multicollector-inductively coupled plasma-mass spectrometer (MC-

LA-ICP-MS). A detailed description of the analytical protocol is given by Pribil et al. (2015).  

 

 To monitor for instrumental drift of the MC-LA-ICP-MS, an in-house ZnS glass 

reference material was analyzed after each batch of three unknown samples. The �G34Ssulfide 

isotopic composition for this in-house reference material was previously established at the U.S. 

Stable Isotope Laboratory using conventional isotopic analysis employing a Delta Plus XP 

Thermofinnigan continuous flow isotopic ratio mass spectrometer with an attached CE Elantech 

Flash2000 elemental analyzer that was operated at 1,030°C under continuous He flow following 

the procedures of Giesemann et al. (1994) and Carmody et al. (1998). The isotopic composition 

of the in-house reference material (�G34Ssulfide = 0.78�Å) was additionally tested against NIST RM 

8554 (IAEA S-1) by MC- LA-ICP-MS for homogeneity. Three NIST reference materials (RM 

8556, RM 8529, and RM 8554), together with a set of previously characterized pyrite materials, 

were then analyzed by MC- LA-ICP-MS to construct the �G34Ssulfide calibration curve. 

 

 Ablation of the sulfide and sulfarsenides was conducted using a New Wave Research UP 

213 nm Nd:YAG solid state laser. Spot sizes of ~15 to 30 �Pm were used. The laser energy 

ranged from 1.5 to 2.5 J/cm2. The ablated sample material was carried to the mass spectrometer 

through a gas mixing chamber using ultra-high purity He with a flow rate of 0.77 ml/min and a 

make-up Ar gas flow rate of 0.90 ml/min. Repeated analysis of reference materials shows that 

the instrumental precision was ±0.35�Å (2�V). In total, 67 spots on 8 representative samples were 

analyzed (Table 5.1). All analyses were normalized to the Vienna Cãnon Diablo Troilite (VCDT) 

standard. 
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5.3 Results 

 

5.3.1. Macroscopic Observations  

 

 The following is a summary of macroscopic observations obtained during systematic core 

logging. 

 

 Sandstone tens of meters or more from the unconformity-related ore zone is composed of 

mature detrital quartz sand grains with beds of quartz pebble conglomerate. The sandstone is 

variably hematized and cut by euhedral quartz veins. Pyrite commonly coats euhedral quartz 

crystals. Less than ten meters from the unconformity porosity in the sandstone is filled with 

sooty to massive pyrite giving the rock a grey to black color. Hydrocarbon buttons are 

disseminated in chlorite in the upper part of the ore-zone. Sandstone within two meters of the 

unconformity is intensely chloritized, contains sparse relict quartz pebbles, and is radioactive due 

to abundant uraninite disseminated throughout the rock. The unconformity is indistinct because 

of intense quartz destruction in both sedimentary and metamorphic basement rocks. The deepest 

occurrence of remnant quartz pebbles was used to constrain the location of the unconformity.  

 

 Chlorite breccia constitutes the basement immediately beneath the unconformity. Chlorite 

breccia is characterized by intensely chloritized fragments of metamorphic basement rock with a 

breccia fill of dravite and sudoite, with sulfide minerals hydrocarbon buttons visible in the 

breccia fill.  

 

 The C-10 fault zone is hosted in graphitic rocks. Rock in the C-10 fault zone is 

brecciated, with a breccia fill composed of dravite and lesser amounts of euhedral hydrothermal 

quartz. The C-10 alteration zone is immediately below the C-10 fault zone. The C-10 alteration 

zone is characterized by intensely bleached, chloritized, and silicified breccia and mylonite. The 

metamorphic fabric and minerals in rocks approaching the C-10 alteration zone become 

progressively indistinct, and are almost completely obliterated inside the zone.  
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 Immediately below the C-10 alteration zone the rock is chloritized and bleached, but 

metamorphic foliation is distinct. Chloritization and bleaching are weak more than ten meters 

below the C-10 alteration zone. Gneiss more than twenty meters below the C-10 alteration zone 

is not altered beyond retrograde metamorphic chloritization. 

 

5.3.2 Paragenesis of Alteration Minerals at Fox Lake U Deposit 

 

 The varied lithologies at Fox Lake necessitated the use of distinct paragenetic sequences 

for each lithology to adequately describe temporal variations in alteration mineralogy. We 

present parageneses for the unconformity-related ore body, the chlorite breccia, and the C-10 

alteration zone. The trend of a pre-oxidation mineral assemblage followed by an oxidized 

mineral assemblage, a reduced mineral assemblage, and late alteration is common to all 

lithologies suggesting the same processes acted upon the whole deposit. Key petrographic 

relationships between sulfide, sulfarsenide, uraninite, and other alteration minerals are shown in 

Figure 5.2. Figure 5.3 summarizes the paragenesis of alteration minerals for the unconformity-

related ore body, the chlorite breccia, and the C-10 alteration zone. 

 

Unconformity-related ore body Detrital quartz is corroded and replaced by Mg-sudoite and 

dravite. Pre-ore pyrite (Py1) is interstitial to detrital quartz grains and is corroded and replaced by 

Fe-sudoite and euhedral pyrite (Py2). Py2 is partially replaced by Mg-sudoite, rutile, and 

hydrocarbon buttons. This was followed by uraninite replacement of both generations of pyrite, 

and partial replacement of Py1 by chalcopyrite.  

 

 Chlorite breccia Two brecciation events occurred before the reduced mineral assemblage 

formed. These brecciation events were followed by quartz and pyrite corrosion and pervasive 

Mg- and Fe-sudoitization. Dravite is absent after the first brecciation event, but largely 

constitutes the breccia fill after the second brecciation event. A reduced mineral assemblage 

composed of sulfide and sulfarsenide minerals, and hydrocarbon buttons formed after the dravite. 

Late alteration follows the reduced assemblage, and is characterized by uranium phosphate 

minerals, xenotime, and hematite. Late stage calcite and ankerite veins crosscut all other mineral 

assemblages. 
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Fig. 5.2 BSE images of key sulfide and sulfarsenide minerals associated with the unconformity-
hosted ore bodies, chlorite breccia, and C-10 alteration zone. A. Sample REA-165-1 747.3 from 
the unconformity-hosted ore body showing the replacement of Py1 by Mg-sudoite, euhedral Py2, 
and uraninite replacing Py1 and Py2. B. and C. Sample REA-165-1 749.1 from the chlorite 
breccia immediately below the unconformity showing chalcopyrite replacement of marcasite and 
partially hematized Py3 and late ankerite. D. and E. Sample REA-165-3 755.2 from the shallow 
C-10 alteration zone showing Vas1 vein, euhedral Py1, intense sudoite and fluorapatite alteration, 
Euhedral Ni-py2 with gersdorffite replacement of Ni-py1, and late calcite veins. F. Sample REA-
165 775.0 from the mid C-10 alteration zone showing euhedral Py1 after Mg-sudoite and APS 
minerals. 
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Fig. 5.3 Paragenesis of alteration minerals for the unconformity-related ore body, the chlorite 
breccia, and the C-10 alteration zone.  
 
  

 C-10 alteration zone Post-metamorphic minerals are represented by clinochlore, vaesite 

veins (Vas1), and hydrothermal quartz associated with the silicification of the C-10 alteration 

zone. The oxidized mineral assemblage is characterized by corrosion and replacement of 

metamorphic and hydrothermal quartz by Mg-sudoite and dravite, followed by precipitation of 

fluorapatite in the porosity between Mg-sudoite sheets, and the overprinting of Mg-sudoite by 

Fe-sudoite. Clinochlore-amesite is the dominant chlorite at depth, with chlorite compositions 

trending towards Mg-sudoite with proximity to the unconformity. APS minerals occur with 
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fluorapatite in the C-10 alteration zone distal to the unconformity. The reduced mineral 

assemblage is composed of euhedral Ni-pyrite veins (Ni-py1 and Ni-py2), and a second 

generation of vaesite Vas2. These minerals are partially replaced gersdorffite and galena. The last 

alteration stage is represented by anglesite replacing galena, and calcite replacing Ni-py1 and Ni-

py2 and filling fractures.  

 

5.3.3 Composition of Sulfide and Sulfarsenide Minerals  

 

 Electron microprobe analysis was used to determine the composition of sulfide and 

sulfarsenide minerals, and to evaluate any spatially-dependent variation in composition 

(DeDecker, 2019). Low cobalt, nickel, and copper concentrations in sulfide minerals from the 

deep C-10 AZ and metamorphic pyrite, and a progressive enrichment of these elements with 

proximity to the unconformity suggests ingress of oxidized basinal fluid into the basement and 

increasing rock buffering with depth below unconformity (Figs. 5.4 and 5.5).  

 

 

 

Fig. 5.4 Ternary diagram showing variation in iron, nickel, and cobalt content of sulfide minerals 
in the C-10 alteration zone as a function of depth below the unconformity. 
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Fig. 5.5 Ternary diagram showing variation in iron, sulfur, and copper content of sulfide 
minerals in the C-10 alteration zone as a function of depth below the unconformity. 
 
 

5.3.4  Sulfur Isotope Composition of Sulfide and Sulfarsenide Minerals 

 Figure 5.6 summarizes the �G34S data (in �Å VCDT) for sulfide and sulfarsenide minerals 

collected from the sandstone-hosted ore zone, the chlorite breccia, the C-10 alteration zone, and 

metamorphic pyrite contained in unaltered basement rocks. 

 

 Sulfide minerals hosted in the sandstone and chlorite breccia, and metamorphic pyrite 

have �G34S values between 2.57 and 13.18�Å�����D�Q�G���V�K�R�Z���O�L�W�W�O�H���Y�D�U�L�D�W�L�R�Q���Z�L�W�K�L�Q���H�D�F�K���V�D�P�S�O�H�����6�X�O�I�L�G�H��

and sulfarsenide minerals from the C-10 alteration zone show significant isotopic variation 

within and between samples with �G34S values ranging from -�������W�R���������������Å���� 
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Fig. 5.6. Plot of �G34S �Å��values for sulfide and sulfarsenide minerals at the Fox Lake uranium 
deposit. Data is arranged in paragenetic sequence for each lithology, with the oldest minerals at 
the top and youngest minerals at the bottom.  
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Table 5.1 Sulfur isotope data for minerals in the reduced mineral assemblage at Fox Lake. 

Sample ID Lithology Mineral 

Spot 
size 
(µm) 34S/32S �G34S�Å�����9�&�'�7�� 

REA-165 
745.6 Sandstone Py1 30 0.0490493 7.28 

REA-165 
745.6 Sandstone Py1 30 0.0490494 7.29 

REA-165 
745.6 Sandstone Py1 30 0.0490571 7.44 

REA-165 
745.6 Sandstone Py1 30 0.0490271 7.05 

REA-165 
745.6 Sandstone Py1 30 0.0489628 5.73 

REA-165 
745.6 Sandstone Py1 30 0.0488825 6.38 

REA-165 
745.6 Sandstone Ccp 30 0.0488754 9.13 

REA-165 
745.6 Sandstone Ccp 30 0.048817 7.92 

REA-165 
745.6 Sandstone Ccp 30  0.0487121 5.76 

REA-165-1 
747.3 Sandstone Py1 30 0.0489925 12.28 

REA-165-1 
747.3 Sandstone Py1 25 0.049032 13.09 

REA-165-1 
747.3 Sandstone Py1 30 0.0490321 13.10 

REA-165-1 
747.3 Sandstone Py2 30 0.049030 13.18 

REA-165-1 
747.3 Sandstone Py2 30 0.0490133 13.01 

REA-165-1 
747.3 Sandstone Py2 30 0.049005 13.01 

REA-165-1 
747.3 Sandstone Py2 30 0.0489543 12.17 

REA-165-1 
747.3 Sandstone Py2 30 0.0489652 12.40 

REA-165-1 
747.3 Sandstone Py2 30 0.0489659 12.41 

REA-165-1 
748.8 Sandstone Py2 30 0.048857 10.59 

REA-165-1 
748.8 Sandstone Py2 30 0.0488011 9.44 

REA-165-1 
748.8 Sandstone Py2 30 0.0488815 11.10 



 174 

Table 5.1 continued 
REA-165-1 

748.8 Sandstone Py2 15 0.0488209 11.73 
REA-165-1 

748.8 Sandstone Py2 15 0.0488079 11.46 
REA-165-1 

748.8 Sandstone Py2 30 0.0487966 11.23 
REA-165-1 

749.1 Chl breccia Ccp 30 0.0488288 11.49 
REA-165-1 

749.1 Chl breccia Ccp 30 0.0487182 9.20 
REA-165-1 

749.1 Chl breccia Ccp 30 0.0488137 11.17 
REA-165-1 

749.1 Chl breccia Mrc 15 0.0489781 14.13 
REA-165-1 

749.1 Chl breccia Py5 20 0.0487103 8.76 
REA-165-1 

749.1 Chl breccia Py5 20 0.0488326 11.29 
REA-165-1 

749.1 Chl breccia Py5 20 0.0488109 10.84 
REA-165-3 

755.2 C-10 AZ Grs 20 0.048414 -7.39 
REA-165-3 

755.2 C-10 AZ Grs 20 0.0493095 10.95 
REA-165-3 

755.2 C-10 AZ Grs 20 0.0491821 8.34 
REA-165-3 

755.2 C-10 AZ Grs 20 0.048772 0.21 
REA-165-3 

755.2 C-10 AZ Ni-Py 20 0.0489044 2.93 
REA-165-3 

755.2 C-10 AZ Ni-Py 20 0.0479647 -16.33 
REA-165-3 

755.2 C-10 AZ Ni-Py 20 0.0485785 -3.50 
REA-165-3 

755.2 C-10 AZ Ni-Py 20 0.0481029 -13.25 
REA-165-3 

755.2 C-10 AZ 
Euhedral 

Py4 20 0.0505289 36.58 
REA-165-3 

755.2 C-10 AZ 
Euhedral 

Py4 20 0.05023525 30.56 
REA-165-3 

755.2 C-10 AZ 
Euhedral 

Py4 20 0.0501159 28.12 
REA-165-3 

755.2 C-10 AZ 
Euhedral 

Py4 20 0.0505527 36.97 
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Table 5.1 continued 

REA-165-3 
755.2 C-10 AZ Vaesite 15 0.0501011 27.77 

REA-165-3 
755.2 C-10 AZ Vaesite 15 0.049465 14.73 

REA-165 
775.0 C-10 AZ 

Euhedral 
Py4 30 0.0493288 11.91 

REA-165 
775.0 C-10 AZ 

Euhedral 
Py4 20 0.0493799 12.95 

REA-165 
775.0 C-10 AZ 

Euhedral 
Py4 20 0.0476994 -21.49 

REA-165 
775.0 C-10 AZ 

Euhedral 
Py4 20 0.0495609 16.82 

REA-165 
775.0 C-10 AZ 

Euhedral 
Py4 20 0.0485381 -4.15 

REA-165 
775.0 C-10 AZ 

Euhedral 
Py4 30 0.047958 -15.99 

REA-165 
775.0 C-10 AZ 

Euhedral 
Py4 30 0.0476092 -23.14 

REA-165 
775.0 C-10 AZ 

Euhedral 
Py4 20 0.0479328 -16.51 

REA-165-1 
812.2 C-10 AZ Massive Py4 30 0.048261 -9.61 

REA-165-1 
812.2 C-10 AZ Massive Py4 30 0.0476561 -22.01 

REA-165-1 
812.2 C-10 AZ Massive Py4 30 0.0478454 -18.13 

REA-165-1 
812.2 C-10 AZ 

Euhedral 
Py4 20 0.0488665 2.98 

REA-165-1 
812.2 C-10 AZ 

Euhedral 
Py4 20 0.0493019 11.91 

REA-165-1 
812.2 C-10 AZ 

Euhedral 
Py4 30 0.0483279 -7.86 

REA-165-1 
812.2 C-10 AZ 

Euhedral 
Py4 20 0.0489345 4.58 

REA-165-1 
812.2 C-10 AZ 

Euhedral 
Py4 20 0.0491598 9.21 
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Table 5.1 continued 
REA-165-1 

812.2 C-10 AZ 
Euhedral 

Py4 20 0.048517 -3.98 
REA-165-4 

863.0 
Unaltered 

metamorphic 
Metamorphic 

Py 20 0.0489359 4.87 
REA-165-4 

863.0 
Unaltered 

metamorphic 
Metamorphic 

Py 20 0.0488903 3.93 
REA-165-4 

863.0 
Unaltered 

metamorphic 
Metamorphic 

Py 20 0.0488241 2.57 
      

REA-165-4 
863.0 

Unaltered 
metamorphic 

Metamorphic 
Py 20 0.0489333 4.81 

Abbreviations: Ccp = chalcopyrite, Py = pyrite, Grs= gersdorffite, Ni-py= nickel pyrite, Mrc= 
marcasite 
 
5.4 Discussion 

 
5.4.1 Proposed Genetic Model for Unconformity-related U Deposits 

 It is hypothesized here that oxidized basinal fluids penetrated into the basement along the 

unconformity near the C-10 fault, and oxidized Fe-vaesite and Py1 by thiosulfate 

disproportionation. Thiosulfate disproportionation increases the reduction potential through 

precipitation of Ni-py1-2 and Py2. The resulting Fe3+ was incorporated into Fe-sudoite and SO4
2- 

was incorporated into APS minerals and potentially into sulfide minerals by means of 

thermochemical sulfate reduction. Oxidation of Fe2+ in pyrite to Fe3+ and SO4
2- is a potential 

reduction mechanism for precipitating uraninite (Langmuir, 1978; Scott et al., 2007). This 

reaction is consistent with the petrographic observations of uraninite replacing Py2. Sulfur 

isotope investigations of sulfide and sulfarsenide minerals can be used to identify redox reactions 

responsible for the formation of these minerals (Ohmoto and Lasaga, 1982; Uyama et al., 1985), 

and to evaluate the merits of the proposed genetic model.  

 
5.4.2 Sulfur Isotope Compositions 

 

 Sulfur isotope compositions of metamorphic pyrite and pre-ore sandstone-hosted pyrite 

have �G34S values of ~2.57 to 13.18 �Å�����Z�K�L�O�H���V�X�O�I�L�G�H���P�L�Q�H�U�D�O�V���L�Q���W�K�H���&-10 alteration zone have a 

large range of �G34S values -23.14 �Å to 36.97 �Å����The estimated temperature during the formation 

of unconformity-related uranium deposits in the Athabasca Basin is 180-230°C  (Pagel et al., 
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1980). The record survivable temperature for hyperthermophilic bacteria is 121°C  (Kashefi and 

Lovely, 2003; Takai et al., 2008), well below the temperature during ore formation at Fox Lake, 

therefore bacterially facilitated S fractionation can be eliminated as a possibility in syngenetic 

minerals at Fox Lake. The -�G34S values in the C-10 alteration  are consistent with the oxidation of 

pyrite by thiosulfate disproportionation, low fluid-rock ratios, and the paragenesis developed in 

this study; and explain the establishment of reducing conditions during the oxidation of pyrite 

(Granger and Warren, 1969; Goldhaber et al., 1978; Uyama et al., 1985). The �G34S of sandstone-

hosted Py2 and chalcopyrite, and chlorite breccia-hosted sulfide minerals are similar to those of 

pre-ore pyrite. These results are consistent with high fluid-rock ratios and intense oxidation of 

pre-ore pyrite leading to secondary sulfide minerals with isotopic compositions similar to pre-ore 

pyrite. 

 

 Oxidation of fault-hosted pre-ore pyrite by thiosulfate disproportionation at McArthur 

River resulted in the formation of a second generation of euhedral pyrite and the establishment of 

reducing conditions leading to the precipitation of uraninite ore (DeDecker, 2019). It is possible 

that similar interactions between basinal fluids and pre-ore sulfide minerals hosted in the C-10 

alteration zone occurred at Fox Lake. Pre-ore sulfide minerals is at Fox Lake comprise interstitial 

Py1 in sandstone, metamorphic pyrite in unaltered basement rock, and vaesite veins found in the 

shallow C-10 alteration zone.  

 

 Here we propose that oxidized basinal fluids entered the basement along the C-10 fault, 

oxidized pre-existing sulfide minerals, altered the rocks and sulfide minerals below the C-10 

fault, and became rock buffered with increasing depth. Decreasing Co and Ni concentrations in 

sulfide minerals from the C-10 alteration zone with increasing depth are consistent with the 

ingress of oxidized basinal fluids into the basement along the C-10 fault, with fluids becoming 

increasingly rock buffered with depth. The intense alteration and S isotope fractionation in the C-

10 alteration zone are consistent with the ingress of oxidized basinal fluids into the basement. 

Langmuir (1978) and Scott et al. (2007) contend that oxidation of Fe2+ in pyrite to Fe3+ and S2- to 

SO4
2- is a potential reduction mechanism for the precipitation uraninite. This reduction 

mechanism is consistent with the petrographic observations of uraninite replacing Py1-2 and of 

Fe-sudoite replacing Py1. 
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5.4 Conclusions 

 
 Sandstone-hosted pyrite is corroded and replaced by Fe-sudoite, constituting a Fe3+/Fe2+ 

redox couple, suggesting that oxidizing basinal fluids are responsible for Fe-sudoite alteration of 

the pyrite. Sulfur isotope analysis of sulfide and sulfarsenide minerals indicates that oxidation of 

pyrite occurred by thiosulfate disproportionation. Thiosulfate disproportionation increases the 

reduction potential through precipitation of a second generation of pyrite, is a key component in 

the reduction of U in roll-front deposits, and likely serves as the primary mechanism for 

establishing reducing conditions in unconformity-related uranium deposits. 

 

 Our data show that there is no need to invoke a basement-derived reducing fluids in the 

genetic model. Fluid-rock interaction between basinal fluids and metamorphic basement rocks 

and pre-ore pyrite can account for the alteration mineralogy and formation of unconformity-

hosted uraninite ore bodies. 
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CHAPTER 6 

 

CONCLUSIONS 

 

 A comprehensive investigation of the simple-type McArthur River and complex-type Fox 

Lake unconformity-related uranium deposits showed that alteration mineralogy and parageneses 

are generally similar between the two deposits. A genetic model invoking the ingress of a basinal 

fluid into the metamorphic basement is proposed that accounts for the alteration mineralogy and 

precipitation of world-class uraninite ore bodies. This chapter summarizes the findings of the 

research and proposes further lines of research to elucidate processes operating during different 

stages of the parageneses reported in this thesis. 

 

6.1 Research Findings 

 

Key research findings include the following: 

 

1. This thesis developed a paragenesis and genetic model for the simple-type unconformity-

related uranium deposit at McArthur River that is consistent with petrographic, 

geochemical, and S isotope data. Sulfur-deficient fault-hosted pyrite, replacement by 

Fe3+-bearing Fe-sudoite, and depletion in 34S are all consistent with oxidation of pyrite. 

The precipitation of euhedral Py2 is consistent with pyrite oxidation by abiotic thiosulfate 

disproportionation. The corrosion of Py2 and replacement by uraninite shows that Py2 

generated by thiosulfate disproportionation served as the reductant for uraninite 

mineralization. It is shown that fluid-rock ratios decreased with depth below the 

unconformity, and that transition metals were likely supplied by oxidized basinal fluids. 

The data set shows that there is no need to invoke unknown basement-derived reducing 

fluids in the genetic model. Fluid-rock interaction between basinal fluids and 

metamorphic basement rocks and fault-hosted pyrite can account for the formation of the 

alteration mineralogy and world-class uraninite ore bodies at McArthur River. 
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2. The comparative study of the complex-type unconformity related uranium deposit at Fox 

Lake shows a similar general paragenesis as McArthur River, despite the complex 

mineralogy of Fox Lake. Sudoitization of pre-ore pyrite, depletion of 34S in the C-10 

alteration zone, and uraninite precipitation on euhedral pyrite, and evidence of rock 

buffering of basinal fluids with depth below the unconformity are the key similarities 

between McArthur River and Fox Lake. This suggests the genetic model proposed for 

McArthur River is applicable to Fox Lake, and perhaps to other unconformity-related 

uranium deposits. 

 

The alteration paragenesis at Fox Lake comprises emplacement of sandstone-hosted 

pyrite and basement-hosted Fe-vaesite veins, quartz corrosion followed by an oxidized 

mineral assemblage, a reduced mineral assemblage, and late U-phosphate, hematite, and 

carbonate alteration.  

 

Core logging has shown that the sandstone proximal to the C-10 fault hosts abundant pre-

ore pyrite. Quartz corrosion is most intense near the unconformity, and played a critical 

role in making space for uraninite ore bodies. Sandstone-hosted pyrite is corroded and 

replaced by Fe-sudoite, constituting a Fe3+/Fe2+ redox couple, suggesting that oxidizing 

basinal fluids are responsible for Fe-sudoite alteration of the pyrite. Electron microprobe 

analysis of chlorite and sulfide minerals from the C-10 alteration zone suggests the 

ingress of basin derived fluids into the basement along the C-10 fault zone, with the 

fluids becoming increasingly rock buffered with depth. Sulfur isotope analysis of sulfide 

and sulfarsenide minerals indicates that oxidation of pyrite occurred by thiosulfate 

disproportionation. Thiosulfate disproportionation increases the reduction potential 

through precipitation of a second generation of pyrite. This likely serves as the primary 

mechanism for establishing reducing conditions at Fox Lake and in unconformity-related 

uranium deposits in general.  

 

3. The dravite and Mg-sudoite alteration associated with both deposits is related to 

pervasive quartz corrosion occurring before pyrite oxidation, and is not directly related to 

ore precipitation. We propose that quartz corrosion and the dravite and Mg-sudoite 
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alteration results from interaction of quartz with Mg-rich fluids generated during the 

bleaching of basement rocks. The presence of dravite and Mg-sudoite alteration near 

apparently favorable locations in the Athabasca Basin that are barren of uraninite ore 

bodies supports our contention that this alteration is not directly related to uranium ore 

precipitation. As such, it is proposed that in addition to dravite and sudoite alteration, the 

presence of pyrite associated with faulted basement rocks should be a vector for the 

exploration of unconformity-related uranium deposits. 

 

6.2 Recommendations for Future Work 

 

Based on the results of this study, the following recommendations for future studies are made: 

 

1. Pre-ore pyrite is key to the reduction of uranium from basinal fluids. Better constraints on 

the age and trace element content of pre-ore pyrite can elucidate the tectonic and 

hydrothermal processes responsible for its formation. Understanding why pre-ore pyrite 

occurs where it does is key to more efficient vectoring towards uraninite. 

 

Investigations of a barren zone with favorable alteration will be needed to test whether 

pre-ore pyrite is present. If the sudoite-dravite alteration with corroded quartz is because 

of cations liberated during the alteration of the basement, then this alteration is not 

exclusively associated with uraninite. The genetic model presented in this thesis proposes 

that pre-ore pyrite is needed to form uraninite ore. This implies that the absence of pre-

ore pyrite should correlate with the absence of ore. 

 

2. This thesis proposes a mechanism responsible for the quartz destruction associated with 

Mg-sudoite and dravite alteration. It is likely that this alteration produces the requisite 

space required for subsequent massive uraninite ore bodies. Fluid inclusion investigations 

of secondary inclusions in quartz can be used to examine the composition of basinal 

fluids, and test for their modification through interactions with basement rock during 

alteration. Geochemical modeling focusing on the modification of basinal fluids during 

alteration of basement rocks, and the effect of the modified fluid on quartz solubility can 
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be used to evaluate the plausibility of the proposed mechanism of quartz destruction and 

associated alteration mineralogy. 

 

3. Though this thesis shows graphite destruction is a minor component of the alteration at 

McArthur River and Fox Lake, the reactions responsible for graphite destruction are key 

to understanding the post-ore reduced mineral assemblage. Is radiolysis of water by 

uraninite necessary for the formation of hydrocarbon buttons? Methane is required for 

thermochemical sulfate reduction of sulfate from basinal fluids. Is graphite destruction 

and hydrocarbon buttons formation linked to the production of 34S enriched marcasite at 

McArthur River? Determining the composition and stable isotopic properties of graphite 

and HCB's may shed light on these processes. Complimentary geochemical modelling of 

hydrothermal alteration of graphite can test the validity of the various reaction proposed 

for graphite destruction 

 

4. The ultimate goal is to show that the genetic model proposed in this thesis is explaining 

the formation of world-class ore bodies found at unconformity-related uranium deposits. 

This entails geochemical modeling based on the parageneses reported in this thesis.  

 

Mass balancing the amount of pyrite oxidation required to produce the uraninite ore 

bodies needs to account for the parallel pyrite oxidation reactions that occur. A means of 

partitioning reactants between the different pyrite oxidation reactions needs to be 

established. The geochemical model must explain how much euhedral Py2, Fe-sudoite, 

and hematite is produced as a result of pre-ore pyrite oxidation. As uranium reduction is 

closely linked to pyrite oxidation, it is essential to determine if the amount of pyrite 

formed by thiosulfate disproportionation of pre-ore pyrite is enough Py2 to account for 

the ore bodies at unconformity-related uranium deposits.  
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILES 

 
McArthur_River_sulfide_compositions.xlsx Excel file containing all electron 

microprobe analyses of sulfide and 
sulfarsenide minerals from 
McArthur River  

McArthur_River_chlorite_compositions.xlsx Excel file containing all electron 
microprobe analyses of chlorite 
minerals from McArthur River 

McArthur_River_SS_uraninite_compositions.xlsx Excel file containing all electron 
microprobe analyses of sandstone-
hosted uraninite from McArthur 
River 

McArthur_River_basement_uraninite_compositions.xlsx Excel file containing all electron 
microprobe analyses of basement-
hosted uraninite from McArthur 
River 

McArthur_River_sulfur_isotope_data.xlsx Excel file containing all MC-LA-
ICP-MS measurements of S 
isotopes from sulfide and 
sulfarsenide minerals from 
McArthur River 

Fox_Lake_sulfide_sulfarsenide_compositions.xlsx Excel file containing all electron 
microprobe analyses of sulfide and 
sulfarsenide minerals from Fox 
Lake 

Fox_Lake_chlorite_compositions.xlsx Excel file containing all electron 
microprobe analyses of chlorite 
minerals from Fox Lake 

Fox_Lake_uraninite_compositions.xlsx Excel file containing all electron 
microprobe analyses of uraninite 
from Fox Lake 

Fox_Lake_coffinite_compositions.xlsx Excel file containing all electron 
microprobe analyses of coffinite 
from Fox Lake 

 
 
 
 
 
 
 
 


